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Preface to “Feature Papers in Electronic Materials
Section”

Today, electronic materials are widespread in our society. In fact, cellular phones and wireless
communication systems, computers, energy conversion devices, power modules, solid-state lighting
devices, and sensors and detectors, are typically fabricated using a variety of electronic materials (e.g.,
semiconductors, metals, insulators, etc.) with specific functionalities. Hence, the deep comprehension
of the fundamental properties of these materials, the development of their processing technology, and
their integration in real electronic devices require continuous efforts from the scientific community.

This book entitled Feature Papers in Electronic Materials Sectionis a collection of selected regular
and review papers recently published on the journal Materials, focusing on the latest advances
in electronic materials and devices in different fields (e.g., power- and high-frequency electronics,
optoelectronic devices, detectors, etc.).

In particular, in the first part of the volume, many papers are dedicated to wide band
gap semiconductors (WBG), a class of materials that are pervasively entering the power- and
high-frequency electronic devices market, replacing the traditional silicon devices. Among them,
silicon carbide (SiC) and gallium nitride (GaN) are the most advanced ones in terms of crystalline
quality and technology maturity. In fact, a variety of devices, e.g., Schottky diodes, MOSFETs,
HEMTs, MISHEMT, etc., are already commercialized worldwide. In this context, the key
technological issues related to contacts, doping, and dielectrics for SiC and GaN devices, together
with important reliability issues associated to GaN-on-Si devices, are specifically addressed in
some papers. Moreover, the radiation hardness of SiC, useful for detectors applications, and the
perspectives of cubic silicon carbide (3C-5iC) materials and devices technology are also discussed.
Finally, the current status of some emerging, but still less mature, WBG materials, such as gallium
oxide (Gaz03) and diamond, is also presented. On the other hand, the second part of the volume
is a miscellaneous of other electronics materials for various applications, e.g., going from gallium
arsenide (GaAs) nanomembranes for HEMT devices, to iron selenide (FeSe) for high-temperature
superconductivity and silica for optical communications, up to the popular two-dimensional (2D)
materials, such as graphene and molybdenum disulfide (Mo0S;), which can be applied in both
optoelectronic and high-frequency devices. Furthermore, some recent advances in materials and

flexible sensors for bioelectronics and medical applications are also reviewed at the end of the book.

Fabrizio Roccaforte
Editor
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Abstract: Silicon carbide (4H-SiC) Schottky diodes have reached a mature level of technology and
are today essential elements in many applications of power electronics. In this context, the study of
Schottky barriers on 4H-SiC is of primary importance, since a deeper understanding of the metal /4H-
SiC interface is the prerequisite to improving the electrical properties of these devices. To this
aim, over the last three decades, many efforts have been devoted to developing the technology for
4H-SiC-based Schottky diodes. In this review paper, after a brief introduction to the fundamental
properties and electrical characterization of metal/4H-SiC Schottky barriers, an overview of the
best-established materials and processing for the fabrication of Schottky contacts to 4H-SiC is given.
Afterwards, besides the consolidated approaches, a variety of nonconventional methods proposed in
literature to control the Schottky barrier properties for specific applications is presented. Besides the
possibility of gaining insight into the physical characteristics of the Schottky contact, this subject is
of particular interest for the device makers, in order to develop a new class of Schottky diodes with
superior characteristics.

Keywords: silicon carbide; 4H-SiC; Schottky barrier; Schottky diodes; electrical characterization

1. Introduction

Nowadays, the wide bandgap semiconductors SiC and GaN are considered as the basis
of a huge advancement in power electronics, enabling the definition of a game-changing
generation of devices with superior performance if compared with that currently achieved
by traditional Si-based devices [1]. This is due to the outstanding physical properties
of this class of materials, such as wide bandgap, high critical electrical field and high
saturation velocity, that push forward the limits reached by Si-based power electronics [2].
In addition to a more efficient performance, the superior properties of wide-band gap
semiconductors also translate into devices able to operate in high temperature, high power
and high frequency regimes, with the possibility of extending the field of applications for
power electronics [3].

Among the wide bandgap semiconductors, one of the hexagonal polytypes of silicon
carbide, i.e., 4H-5iC, plays a pivotal role in power electronics, owing to the excellent quality
achieved from the commercially available substrates and epilayers and the high level of
compatibility with the existing Si-based device manufacturing facilities and technology.
Quantitatively, 4H-SiC features a wide bandgap of 3.26 eV, high critical electric field
>2 MV/cm, high thermal conductivity of 49 WK~'em ™! and saturated drift velocity higher
than 2 x 107 cm s~! [4], making it the material of choice for a variety of power devices
operating in the medium /high voltage range (600-3000 V) [3].

Along the lines of Si-based technology, several 4H-SiC power devices have been
developed, with a mature technology level in terms of processing implementation and
real-world applications [5]. Among them, n-type 4H-SiC-based Schottky barrier diodes
(SBDs) are currently commercialized on a large scale in the power electronics market and



Materials 2022, 15, 298

have penetrated our daily lives in various fields, e.g., consumer electronics, electric and
hybrid vehicles, industrial processes, energy conversion from renewable sources, sensors,
photodetectors and so on [6-8].

A schematic cross-section view of a typical SBD is depicted in Figure 1. In this device,
the drift layer is given by a lightly doped n-type 4H-SiC epitaxial layer (doping density Np
~10'® cm~3) grown onto a heavily doped n-type 4H-SiC substrate (Np > 5 x 10'® cm~3).
The connection with external components is given by metal electrodes consisting of a
front-side Schottky contact to the 4H-SiC epitaxial layer and a back-side Ohmic contact to
the 4H-SiC substrate. In addition, the Figure schematically illustrates a p-type implanted
edge termination needed to optimize the breakdown behavior. For the sake of completeness
(not reported in the scheme), a few um thick front-side metallization (typically Al based)
acting as device bonding pad and a polymeric passivation finalize the top part of the device,
while a thick metal layer, soldered to the back-side and consisting of a gold-plated metal
frame wrapped in ceramic, operates as connection to the package. A schematic fabrication
process flow, with the sequential steps typically adopted for the Schottky diode fabrication,
can be found in [9].

Schottky diode

n - 4H-SiC epitaxial layer

Figure 1. Schematic cross-section view of a 4H-SiC Schottky barrier diode (SBD).

The core of an SBD is the metal /semiconductor junction (the so-called Schottky contact)
and the properties of this system must be carefully investigated to assess and optimize the
electrical performance of the whole device [9].

Over the years, different approaches, ranging from the choice of materials for the
Schottky barrier formation to semiconductor treatments or even considering the device
layout, have been developed to improve and gain control on the Schottky contact prop-
erties. Moreover, unconventional methods were also explored as alternative solutions in
improving and controlling the Schottky barrier systems.

In this paper, after a brief discussion on the fundamentals of the metal /4H-SiC Schottky
barrier formation and its electrical characterization, we will give an overview on the
current materials and processing solutions for the fabrication of Schottky contacts to 4H-
SiC. Afterwards, besides the consolidated approaches, we will present a variety of the
nonconventional methods proposed in literature to control the Schottky barrier properties
for specific applications.

2. Schottky Contacts to n-Type 4H-SiC

In the last three decades, many efforts have been devoted to the study and characteri-
zation of the metal /4H-5iC interfaces. Despite the large amount of literature data published
on this system, the physics at the base of the Schottky properties and carrier transport
through the contact is not yet fully understood, and the research on Schottky contacts to
4H-SiC remains a scientifically open topic. Besides its fundamental scientific character, this
research is also strongly pushed by industrial requirements for achieving a more efficient
performance of SBDs. In this Section, we briefly report on the Schottky barrier fundamen-
tals, the well-established and the most promising metallization schemes, discussing also
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some aspects related to the device layouts proposed to optimize the electrical properties of
the diodes.

2.1. Fundamentals on Schottky Barriers

When metal and semiconductor are put in intimate contact, a Schottky barrier forms,
whose height (¢p) is the most significant electrical parameter associated to this system.
According to the well-known Schottky—Mott rule [10,11], the Schottky barrier height ide-
ally depends only on the metal work function (W) and semiconductor electron affinity
(xs) [12], as expressed by:

¢ = Wnm — Xs- @

Hence, considering the work function of the typical metals used for SBDs (in the range
4-5.5 eV [13]) and the electron affinity of 4H-SiC (xsic = 3.2 eV [14]), Schottky barrier height
values between 1.0 and 2.3 eV are expected, i.e., much higher than in silicon. However, in
real cases, the Schottky barrier height does not simply obey to the Schottky—Mott rule, but
may depend on other factors, like the surface preparation, metal deposition techniques
and/or post-metallization annealing treatments [15,16]. In particular, the electronic proper-
ties of the metal/semiconductor contact are affected by the presence of surface states, which
can be related to roughness, surface contaminants, residual thin interfacial oxide layers and
so on, and are responsible for a deviation from the Schottky—Mott prediction [17,18].

The experimentally measured value of the Schottky barrier height ¢ also depends
on the methods used for its determination [19]. Generally, the barrier height in a metal/
semiconductor system can be determined by means of different techniques, such as electri-
cal characterizations (current-voltage (I-V) and capacitance-voltage (C—V) measurements)
or internal photoemission (IPE) measurements that are based on the photo-generated cur-
rent detection [19,20]. Obviously, each method shows advantages and drawbacks. The
electrical characterization methods require the fabrication of appropriate test patterns,
namely Schottky diodes, and provide interesting insights of the Schottky barrier nature. For
example, the I-V characterization is very sensitive to the presence of inhomogeneity of the
barrier, with some well-established models, such as the Tung’s model [17]) or the Werner’s
and Giittler’s model [21], developed to take this aspect into account. On the other hand,
the C-V characterization supplies information about the space-charge region width [22].
As a consequence, for a given Schottky contact, the barrier height value extrapolated by
I-V analysis is typically lower than that derived from the C-V characteristics. This aspect
can be explained by the fact that lower barrier height regions are preferential paths for
the current, while C-V characteristics account for an overall electrical behavior with the
largest regions (usually with highest barrier) dominating in the barrier extraction [22]. On
the other hand, IPE measurements are independent of the local barrier inhomogeneity
and supply a reliable value for the Schottky barrier. However, the photocurrent detection
requires special equipment and semi-transparent front or back contacts, thus making these
kind of measurements less common with respect to the electrical characterizations.

The Schottky barrier height determines the electrical behavior of a metal /semiconductor
contact by governing the current flow through the metal/semiconductor interface. Gen-
erally, for doping density Np in the range 1 x 10" < Np <1 x 10" em~3, under forward
voltage the current transport mechanism through the metal /4H-SiC interface is ruled by
the thermionic emission (TE) theory. In this model the current I7r can be expressed by [12]

el () el() e

where A is the device area, A* is the effective Richardson’s constant (146 A-cm~2-K~2 for
4H-SiC [23]), kp is the Boltzmann’s constant, ¢ is the elementary charge, Vr is the applied
forward voltage and T is the absolute temperature.

As can be seen in Equation (2), besides the Schottky barrier height ¢p, another im-
portant electrical parameter that characterizes the Schottky contact is the ideality factor n.
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These parameters can be determined by the intercept and the slope of a linear fit in semilog
scale of the forward current-voltage characteristic, using Equation (2) for V¢ > 3 kgT /g,
where the term —1 can be neglected.

Basically, the TE theory assumes a temperature-independent ideality factor and barrier
height. However, in order to justify the experimentally observed temperature dependence
of these parameters in real 4H-SiC Schottky contacts, the TE theory was modified, introduc-
ing models taking into account local fluctuations (inhomogeneity) of the Schottky barrier
over the contact interface, as discussed in the Tung’s [17] model or in the Werner’s and Giit-
tler’s [21] model. Specifically, the Tung’s model [17] assumes a local lateral inhomogeneity
at nanometric scale by considering the presence of low barrier regions (patches) embed-
ded in a high-barrier background, while the Werner’s and Giittler’s [21] model considers
a Gaussian distribution of barrier heights around an apparent temperature-dependent
barrier height.

On the other hand, when the doping concentration of the semiconductor exceeds
107 cm 3, the high electric field at the interface and the thin barrier width make dominant
for the current transport a thermionic filed emission (I’FE) mechanism, which involves
a tunneling component for thermally excited electrons [19,24]. Specifically, for doping
in the range 1 x 107 < Np < 10" cm~3, the TFE describes the electrical behavior of the
system [24], according to the following current—voltage relationship [25]:

V,
Itre = Io,rre(VE) X exp (q;;) 3)

The term Iy 7rg (V) corresponds to the saturation current and is given by

o AA*T _ _ 711AEF B (PB *AEF
lorre(VE) = o coshiaEoo /K T) \/”Eoo(fl’B AEp — Vp) X EXP( T E ) 4)

with Eg = Egp X coth (%) dependent on the doping concentration Np through the param-

h N
eter Egg = 75 X m*els)ic‘

m* = 0.38 my (with mg the electron mass) [26] and the dielectric constant of the semiconduc-
tor egic = 9.76 gg (with gy the vacuum permittivity) [4]. AEr is the difference between the
bottom of the conduction band and the semiconductor Fermi level. In this case, the barrier
¢p and the doping concentration Np can be considered the parameters to be determined
from a best-fit procedure of the experimental detected current-voltage characteristics.

Figure 2 depicts a schematic energy band diagram for a metal /semiconductor junction
under forward bias Vr, when the predominant current transport mechanism is ruled
by the TE (Figure 2a) or by the TFE (Figure 2b) model, according to the doping of the
semiconductor layer at the interface. Noteworthy, as shown in Equations (2)—(4), in both
models, the current has an exponential dependence on the Schottky barrier height. Thus,
a good control of the ¢p must be guaranteed, as it significantly affects the current level
through the contact.

The other symbols are the Planck’s constant /, the effective mass

2.2. Survey of Literature Data on Schottky Contacts to n-Type 4H-SiC

In literature, many studies on the metal /n-type 4H-SiC systems have been reported
and focused on the choice of the metal and its evolution in the Schottky contact for-
mation [27-33]. A collection of literature results related to some of the most diffused
metal /n-type 4H-SiC contacts is reported in Table 1, including as deposited (unannealed)
Schottky contacts or contacts subjected to thermal annealing treatments. The reported
barrier height values were determined by I-V measurements on Schottky diodes.
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a) TE mechanism b) TFE mechanism
7x10% cm? <Np<1x10"7 cm Np>1x10" cm
4——\- e-
T
N ey D, e =
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metal metal
' Uil o n* - 4H-SIC

Figure 2. Schematic energy band diagrams for the metal/4H-SiC contact under forward bias Vf,
according to the predominance of the (a) thermionic emission (TE) or (b) thermionic field emission
(TFE) current transport mechanism.

Table 1. Schottky barrier height for metal /n-type 4H-SiC system for different metals. The values
were determined by I-V measurements on Schottky diodes.

Metal ¢p (eV) Thermal Treatment Reference
Ta 1.10 none [34]
Ti 0.95 none [35,36]
Ti 0.78 none [37]
Ti 0.96 none [38]
Ti 1.15 600 °C for 10 min in Ar [37]
Ti 0.95 500 °C for 60 h in vacuum [35]
W 1.11 none [39]
W 1.14-1.25 475-700 °C for 10 min in N [39]
W 1.17 none [37]
\%Y 1.09 600 °C for 10 min in Ar [37]
W 1.11 500 °C in N2 [40]
Mo 1.04 none [29]
Mo 1.11 none [37]
Mo 1.21 600 °C for 10 min in Ar [37]
Mo 1.17 none [41]
Mo 1.01 400 °C for 30 min in Ar [41]
Ni 1.45 none [29]
Ni 1.62 none [27]
Ni 1.52 none [38]
Ni 1.52 400 °C, RTA [29]
Au 1.73 none [27]
Ir 1.31 none [42]
Pt 1.39 none [43]
Pt 1.72 200 °C [44]

As can be seen, a large variety of barrier height values is found, depending on the
metals and post-metallization thermal treatments. Especially, by reporting the barrier height
values ¢p versus the metal work function Wy, it is possible to determine the correlation
between ¢ and W), which represents the so-called “interface index” S = d¢p/d¢pm [45].

5
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Typically, for real 4H-SiC-based Schottky contacts, a linear correlation is found, with S
values between the Bardeen limit (i.e., S = 0, indicating interface properties independent of
the metal) and the ideal Schottky—Mott behavior (S = 1) [4,46], suggesting the occurrence
of a partial Fermi level pinning at the interface. Figure 3 displays this kind of plot for
the unannealed and low-temperature annealed metal /4H-SiC contacts, with the values
taken from Table 1. The slope values confirm an intermediate behavior, with a slight
improvement towards the Schottky-Mott behavior from 0.46 to 0.54 for the low-temperature
annealed contacts.

25 T T T T T T T T T T T
€ unannealed metal/4H-SiC contact

— ® |ow-T annealed metal/4H-SiC contact
> 20} i
£,
g — * @
S o :
o 1.5+ ,g{;) - s
T 522 *
= &
.g % F o
C(B 1.0 ® ,,‘;' s -
> +
=
S 05} .
e
O
w

OO 1 |

I 1 n 1 i | i 1 1
4.2 4.5 4.8 51 54 57
Metal Work Function (eV)

Figure 3. Experimental dependence of the barrier height ¢p on the metal work function W, in
unannealed and low-temperature annealed metal /n-type 4H-SiC systems. All the reported barrier
values were determined by I-V characterization of Schottky diodes. Data are taken from Refs. [21-44].

Throughout the years, titanium (Ti) and nickel silicide (Ni,Si) have come out as widely
diffused barrier metals for 4H-SiC Schottky diodes in different applications. Ti- and Ni,Si-
based metallization schemes are currently well-established technology, offering a high level
of reproducibility for the Schottky barrier height values. The representative forward I-V
characteristics of the 4H-5iC Schottky diodes, employing Ti and Ni,Si barrier metals and
acquired at three different temperatures (173, 298 and 373 K), are reported in Figure 4a,b,
respectively [23,47]. All the curves were analyzed according to the TE model, by fitting
the linear region in a semilog plot of the forward I-V curve according to Equation (2)
approximated for the linear region. From this analysis, the extrapolation of an ideality
factor n very close to 1 for both contacts confirms the predominance of the TE mechanism
in the current transport through the metal /semiconductor interface. Specifically, the values
of the Schottky barrier height typically obtained at room temperature were ¢p = 1.27 eV
for the Ti/4H-SiC and 1.60 eV for the NiySi/4H-SiC contacts [23,47]. Consequently, Ti
is used as the Schottky barrier material in power electronics applications, for which a
low barrier height is desired [48], whereas Ni,Si is preferred for sensing or detection
applications [49,50], where the higher barrier permits a low leakage current to be obtained.
Moreover, the possibility of a “self-aligned” process given by the Ni,Si formation is used
for the fabrication of semi-transparent interdigit electrodes in UV-detectors [51].
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Figure 4. Semilog plot of the temperature-dependent forward-voltage characteristics of 4H-SiC
Schottky diodes based on (a) Ti and (b) Ni,Si. Adapted with permission from Ref. [23]. Copyright
2021 AIP Publishing.

2.3. Diode Layout

Managing the power dissipation in Schottky diodes is becoming an aspect of increasing
interest, due to the need to reduce electricity consumption in modern electronic systems. In
particular, a conventional Schottky diode (as that schematically depicted in Figure 1) is a
majority carrier device, in which the dynamic power dissipation is negligible with respect
to the conduction static power losses [52]. In such a device, the barrier height, ideality factor
and reverse leakage current are important parameters affecting the static power dissipation.
In particular, the conduction static power dissipation Pp can be expressed as [53]:

Pp =%on X (VE X Jp) + (1 — %on) X (VR X JR) ®)

where %oy is the ON duty cycle, Vi and [r are the voltage and current density under
forward bias, while Vr and Jr are the voltage and current density under reverse bias.
Hence, considering the case of the conventional 4H-SiC Schottky diodes, the forward
current-voltage behavior is described by the TE model, with the Vr expressed as function of
the forward current density J7g as follows, accordingly to the linear region approximation
of Equation (2):

nkT ]1:
Ve e(JTE) = ndp + 71” (A*Tz) (6)
Moreover, due to the high electric field in the space-charge region that entails a sharp band
bending and thus a thin barrier, the reverse current is typically described according to
the TFE model, with the relationship between current density Jrrr and reverse voltage Vg
given by

2nE " o V.
== 14>~< 2 q 0 73 ex (—B) ex ()
JrRTFE(VR) 1 \/ (kT)2 VR + coshz(q,fO(’) p Eo p E 7)

where E; = Ego X (qEoo/kT — tanh(qEg /kT))_1 and the other parameters of Equation (7)
as described before. Hence, accordingly to Equation (5), the static power dissipation
depends on the Schottky barrier height ¢p.

Figure 5a shows the calculated conduction power loss for conventional 4H-SiC Schot-
tky diode as a function of the barrier height, in the temperature range 25-150 °C. The
calculation has been performed using Equations (5)—(7), assuming a duty cycle %ON = 50%,
a forward current density Jr = 100 A/cm? and reverse voltage Vg = 650 V. As highlighted
in Figure 5a, for a given temperature, a reduction of the Schottky barrier entails a reduction
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of the power losses, up to a certain lower limit, where the losses show a sudden increase,
due to the significant increase of the reverse leakage current with the barrier reduction,
especially at higher temperatures. Evidently, based on these considerations, in power
electronics applications, Schottky contacts with low barrier height are sought after, as
lowering the Schottky barrier height leads to a reduction of the power consumption [48].
However, it must be considered that a lowering of the barrier ¢p could lead to an increase
of the leakage current density Jr and thus, a good compromise between the diode forward
and reverse behavior must be found for the minimization of the power dissipation Pp.

80 T T T 80 T T
70 a) 1=100A/cm’;V =650V 70l D) 1=100A/cm’; V =650 V
= e
e g &0 25°C
2 2 N\
i @ 50 B
W 17}
Q a
w (=]
8 T
1 ug‘j ;
) 3 ) e
150°C
§i o
30 30
. . . I . .
1.0 12 1.4 1.6 1.0 1.2 1.4 1.6
@, (eV) @, (eV)

Figure 5. Schottky barrier height dependence of the static power losses for (a) a conventional Schottky
diode and (b) a modern JBS diode, in the temperature range 25-150 °C. The curves were simulated
by considering the forward electrical behavior ruled by thermionic emission model and the reverse
characteristics ruled by thermionic field emission model. In the case of the ]BS diode (b), the leakage
current contribution has been neglected.

For that reason, as discussed later in this paragraph, in modern 4H-SiC-device technol-
ogy, the high-reverse TFE leakage current, which typically characterized the conventional
Schottky diodes, has been strongly reduced by acting on the device layout. In this case,
the contribution of the leakage current can be neglected, and the static conduction losses
decrease with a reduction of the barrier height, as shown in Figure 5b.

Since the middle of the 1990s, new diode designs have been proposed to achieve im-
proved rectifier characteristics of semiconductor-based Schottky diodes. Mehrotra et al. [54]
demonstrated that a design involving metal-oxide-semiconductor (MOS) regions, built into
a trench region of the device front, was successful in pushing higher the limit given by the
reverse blocking voltage, allowing the device to support larger doping of the semiconductor
epitaxial layer, and thus an improvement of the on-state characteristics. A schematic view
of this device is reported in Figure 6a: as can be seen, the MOS structure is formed on
the bottom and sidewalls of a trench, while the Schottky contact is on the top surface.
With this layout, called trench MOS barrier Schottky rectifier (TMBS), a reduced level of
electrical field is achieved on the Schottky interface, producing a smaller Schottky barrier
height lowering and thus a reduced leakage current level, if compared with the standard
Schottky structure.

Afterward, another approach of “Schottky-pinch rectifier” was proposed by Zhang
et al. [55] for 4H-5iC Schottky rectifiers. Differently from the previously discussed solution,
this diode layout consisted of integrating MOS-structures (with a thermally grown oxide)
together with Ni Schottky contacts on the same plane, as shown in Figure 6b. This layout,
called the planar MOS Schottky diode structure (MOSSD), was able to maintain an accept-
able level of forward current, up to 90% with respect to a conventional Schottky diode of
the same footprint area, while reducing the leakage current by one order of magnitude.

However, these designs including MOS structures, could give some limitations, with
the possible occurrence of the oxide breakdown before the 4H-SiC critical electrical field
was reached. To overcome this limitation, a dual-metal-trench (DMT) device structure,
implementing low and high Schottky barrier height materials (i.e., Ti and Ni metals,
respectively) was suggested by Schoen et al. [56]. The device scheme is given in Figure 6c:

8
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under forward bias, the mesa was not pinched off and the electrical characteristics are
given by the low barrier contact (Ti/4H-SiC). In contrast, under reverse bias, the mesa
structure became fully pinched-off and the high barrier height of the Ni Schottky contact
prevails, limiting the electric field. A further evolution of the DMT has been later proposed
by Roccaforte et al. [57], who combined the advantages of Ni,Si and Ti in a dual-metal-
planar (DMP) Schottky diode (schematically depicted in Figure 6d) which exhibited a
forward voltage drop close to that of a Ti/4H-SiC diode (lower barrier) and a reverse
current comparable to that of a NiySi/4H-SiC (higher barrier).

a) Trench MOS Barrier Schottky Diode b) Planar MOS Schottky Diode

Schottky contact

Si epilayer

Si substrate

backside contact

LN
[ Thermal Oxide

4H-SiC epilayer

4H-SiC substrate

backside contact

c) Dual-Metal-Trench Schottky Diode d)  Dual-Metal Planar Schottky Diode

backside contact

4H-SiC epilayer 4H-SiC epilayer

4H-SiC substrate

4H-SiC substrate

backside contact

Figure 6. Different Schottky diode layouts proposed to achieve an optimal trade-off between the
forward and reverse characteristics. (a) Trench MOS barrier Schottky (TMBS) diode. (b) Planar
MOS Schottky diode (MOSSD). (¢) Dual-metal-trench (DMT) Schottky diode with Ti and Ni Schottky
contact. (d) Dual-metal-planar (DMP) Ti-Ni,Si/4H-SiC Schottky diode.

The electrical behavior of the DMP structure can be explained by an equivalent system
with two parallel diodes which have two different barrier heights, specifically the low
barrier of the Ti layer determines the current flow under forward bias, and the high NiSi
barrier dominates the reverse conduction by the pinch-off of the low barrier Ti regions. The
DMP diode presented an ideality factor n = 1.25, a barrier height ¢p = 1.23 eV (close to that
of Ti contact) and leakage current at —100 V of 5.8 x 10~* A/cm?, 30 times lower than the
leakage current observed in the Ti/4H-SiC diode.

All the aforementioned diode layouts showed an improvement of the trade-off be-
tween the forward and reverse characteristics of the diodes.

Nowadays, the so-called junction barrier Schottky (JBS) diode is the most widely used
Schottky-like architecture in SiC technology with significant improvement with respect to
the standard Schottky diode [58]. This device consists in p*-type regions (usually achieved
by p-type ion implantation and electrical activation) embedded within an n-type Schottky
epitaxial area, as schematically shown in Figure 7 [59,60]. This layout mitigates the reverse
leakage current of the Schottky diode and achieves a hard breakdown, as typical of a
p-n junction [58]. Specifically, under low forward bias, the current flows in the regions
between the p*-wells, exploiting the Schottky barrier characteristics given by the top metal,
while under reverse bias, these regions are pinched-off and the electrical characteristics

9
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are given by the p-n junction. The distance d between two adjacent p*-wells and the size s
of p*-well are important parameters that must be carefully designed for optimizing the
trade-off between forward and reverse characteristics. These parameters, together with the
depletion width Wp, defined the cell pitch p (p = d + s + Wp). For instance, the on-state
voltage drop decreases as the cell pitch is reduced, while the leakage current decreases as
the p*-well distance is reduced for a constant value of p*-well size [61]. The schematic
process flow, with the sequential steps typically adopted for ]BS diode fabrication, can be
found in Ref. [9]. As occurs in SBDs, in these devices the Schottky contact between the
metal and the n-type epitaxial 4H-SiC is also a key part for optimizing the overall electrical
performance of the device.

JBS diode

Ohmic Ohmic Ohmic Ohmic Ohmic

n~- 4H-SiC epitaxial layer

Back-side Ohmic contact
Figure 7. Schematic cross-section view of a 4H-5SiC junction barrier Schottky (JBS) diode.

Beyond the diode layout with the well-established JBS design for 4H-SiC-based Schot-
tky rectifiers, the employment of materials with low work function is of particular interest
for minimizing the power dissipation of Schottky diodes and they are currently explored
with promising results. This aspect will be discussed in detail in the next subsection.

2.4. Low Work Function and Refractory Metals

In the last years, regarding the choice of the Schottky metal for 4H-SiC-JBS, increasing
interest has been devoted to metallization schemes containing metals (and their compounds)
with low work function and a certain degree of stability with 4H-SiC and the environment.
In the facts, these low work function materials (such as the refractory metals Mo, W,
Nb, etc.) can guarantee a minimization of the on-state conduction losses, making this
configuration highly aimed at industrial 4H-SiC-based Schottky device development [48].
Moreover, since these metals exhibit a high melting point, they could be indicated for harsh
environment applications, requiring temperature-resistant materials [62].

In recent literature, many papers have dealt with the electrical characterization of
Mo /4H-SiC Schottky contacts for power electronics [63-67], highlighting the possibility of
achieving a barrier height value as low as 1.010 eV and an ideality factor of 1.045 [65]. As
reported in those studies, the Mo/4H-SiC behaved as an inhomogeneous contact, with the
current conduction dominated by a TE mechanism and a slight discrepancy from the ideal
behavior explained either according to the Werner and Giittler [21] or the Tung model [17].

Very recently, Renz et al. [63] studied a series of surface passivation treatments to
achieve an improvement of the Mo/4H-SiC Schottky diode electrical properties. In particu-
lar, after the deposition or thermal growth of an oxide layer, annealing processes, similar to
those employed in metal-oxide-semiconductor field-effect transistors (4H-SiC MOSFETSs)
technology, were considered [68-70]. These treatments included thermal oxidation in O, or
N,O environments at temperatures of 1400 and 1300 °C, respectively, or the deposition of a
phosphorus pentoxide (P,Os) layer at 1000 °C for 2 h. The first two processes consume the
SiC surface while the third one does not. In all the samples, the oxide on the surface was
removed by cleaning in dilute HF (10%) solution prior to Mo Schottky metal deposition.
Figure 8a shows this approach schematically, with the treated area of the semiconductor

10
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n- 4H-SiC epilayer

depicted as a patterned blue layer. An electrical [-VF characterization at room temperature
was performed on a set of equivalent Mo/4H-SiC diodes fabricated under different con-
ditions and, for comparison, on an untreated Mo/4H-SiC contact (labelled as “control”).
The I-VF curves were analyzed according to TE model, obtaining an almost ideal behavior
after the treatments. The lowest barrier height value (¢p = 1.27 £ 0.03 eV) was observed for
the contact subjected to a prior deposition of P,Os (left scale of Figure 8b). Surprisingly,
although a reduced value of barrier height was obtained in the P,Os-treated contacts with
respect to the control sample, this process enabled the lowest value of the leakage current
(right scale of Figure 8b) to be obtained. The authors explained this effect with the capability
of the oxide to homogenize the interface by filling the nanopits, as witnessed by means of
morphological (AFM) and microstructural (TEM) analyses. The high density (5 x 10° cm~2)
of these nanopits allows one to believe that they are different from those typically related to
the threading dislocations arriving on the surface of 4H-SiC and observed after removal of
surface electrodes [71]: if the threading dislocation-related nanopits were demonstrated to
be potential leakage paths for the current, plausibly, in the case of treated P,O5 deposited
on 4H-SiC surface, the nanopits were oxide-filled, with a barrier lowering due to two
contributions, one associated with the phosphorous-rich region below the contact, which
increases the n-type doping, and the other related to a homogenization of the barrier height
after oxide termination of the surface defects. This could explain the reduction of the barrier,
with a simultaneous decreasing of the leakage current. It is worth noting that the absence
of silicide reaction at the Mo/SiC interface, which would otherwise consume the top few
nanometers of 4H-SiC, enabled these beneficial changes in the contact subsurface.
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Figure 8. (a) Schematic view of Mo/4H-SiC Schottky diodes with premetallization treatments of the
semiconductor surface, consisting of thermally grown oxidation in O, and N,O or oxide deposition
of P,Os, followed by oxide removal prior to Mo deposition in all cases. (b) Schottky barrier height
and reverse leakage current density at —500V values averaged over a set of [-Vr curves of equivalent
Mo /4H-SiC Schottky diodes with 4H-SiC surface pretreated under different conditions. Panel (b) is
adapted with permission from Ref. [63]). Copyright 2021 AIP Publishing.

Furthermore, Mo-based Schottky contacts were also investigated as a possible route
for an improved control of the Schottky contact properties. For instance, Stober et al. [72]
proposed the use of molybdenum nitride (MoNXx) thin film metallization for adjusting the
barrier height within a large range by varying the nitrogen N fraction in the reactive sput-
tering metal deposition step in the fabrication process. The total gas flow, i.e., sum of argon
and nitrogen, was kept constant at 80 sccm while the nitrogen fraction x = Np/(Ar + Ny) in
the gas composition varied from 0 to 80%, by increasing the content of Ny in the chamber.
For a pure Mo contact (with x = 0%), the Schottky barrier was ¢p = 0.68 eV at room-
temperature, increasing up to 1.03 eV for x = 80%. Due to the polycrystalline nature of the
Mo;N thin films, the barriers showed an inhomogeneous behavior, probably arising from
different microstructures with regard to the nitrogen fraction used in the processing.
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In parallel to Mo-based 4H-SiC Schottky contacts, Schottky contacts based on W
have also been largely studied, obtaining a Schottky barrier ranging between 0.94 to
1.29 eV [62,73,74]. According to these papers, a certain degree of inhomogeneity was
observed in the W/4H-SiC Schottky contact, successfully explained by means of the Tung’s
model [73] or the Werner and Giittler’s model [74].

Noteworthy, for both Mo and W metals, also the carbide compounds were considered
as possible electrode material [75-78]. As an example, Knoll et al. [76] investigated a
Schottky barrier based on tungsten carbide, fabricated by depositing a thin layer of W
(2 nm) followed by a rapid thermal annealing in vacuum for 5 min at temperatures ranging
from 600 to 1200 °C. Then, a 500 nm thick Al layer was deposited on the top of the structure
to define the diode structures. At temperatures > 1000 °C, a W,C hexagonal structure layer
in epitaxial relation with 4H-5iC was produced, stable up to the highest tested temperature
of 1200 °C. In this system, they observed a barrier height of 0.94 eV extrapolated under
forward I-V characterization.

Recently, we investigated 4H-SiC Schottky diodes with an 80 nm thick layer of tungsten
carbide (WC) barrier metal, deposited by magnetron sputtering and defined by optical
lithography and lift-off [39,78] process. The Schottky diodes were characterized both before
(as-deposited) and after some annealing treatments with temperatures varying form 475 °C
to 700 °C for 10 min in N, atmosphere by I-V measurements and applying the thermionic
emission (TE) model to the analysis of the electrical characteristics. The Schottky barrier
height ¢, derived by fitting the linear region of the semilog forward -V curves reported
in Figure 9, had an average value of 1.12 eV in the as-deposited contact and decreased
down to about 1.05 eV after annealing at 700 °C. In our experimental conditions, the ideality
factor was only slightly affected by the annealing treatment, with a value decreasing from
1.08 to 1.03. For sake of comparison, we also reported in the same Figure 9, a representative
J-Vr curve of a similar Ti/4H-SiC Schottky contact, for which a barrier height of 1.21 eV
was observed [79].

E T T T T T T T
E WC/4H-SiC as-deposited

—_
o

" E——Ti/4H-SiC as-deposited_—————

—_
e
&
T

—

o
N

oy

metal n @y (eV) |
WCas-dep | 1.08 112 |3
wc(700°c) | 1.03 | 1.05

Ti'as-dep 1.08 Hipah

Current Density (A/cm?)
=

—
S
©

| L | L 1

04 0.6 08 | 1.0
Forward Voltage (V)

=9
=

o
o
o
[N

Figure 9. Representative forward I-V characteristics of WC/4H-SiC Schottky diodes for the as-
deposited contact and after thermal annealing at 700 °C. The I-V characteristic of a reference Ti/4H-
SiC is also reported for comparison. The data are taken from Refs. [78,79].

In those studies, we observed a temperature-dependence of the ¢p and n, extrapolated
by means of I-V-T characterization, for the annealed-WC/4H-SiC contact [78], as well
as for the W/4H-SiC contact fabricated and annealed under similar conditions [39]. This
indicated the presence of a nanoscale lateral inhomogeneity for both Schottky contacts,
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that was fully described by means of the Tung’s model, with an effective barrier ¢p.q of
1.15 and 0.96 eV and a homogeneous barrier ¢pg of 1.28 and 1.11 eV for the W/4H-SiC and
WC/4H-5iC contact, respectively.

Essentially, the promising results obtained for the 4H-SiC Schottky diodes based on
these low-work function refractory materials (mainly W and Mo) enable the study of this
kind of contacts to be pushed forward towards a better understanding of the Schottky
properties and inhomogeneity, and a suggestion of possible solutions for a better barrier
uniformity and interface quality.

3. Unconventional Approaches for the Control of 4H-SiC Schottky Interfaces

Parallel to the standard metallization stacks and layouts presented in the previous
Section, a variety of innovative contacts, chemical compounds or alternative metal stacks
have been proposed as new routes to control the Schottky barrier height values on 4H-
SiC. In the next subsections, we will discuss some of the representative papers on these
unconventional methods.

3.1. Manipulation of the Schottky Interface

Since the early 2000s, some studies demonstrated the possibility of lowering the barrier
height in the Schottky diode by the incorporation of nanostructures in the metal layer of the
Schottky contact [80-83]. One of the first attempts in SiC was reported by Lee et al. [80], who
studied the effect of Au-nanoparticle embedding in Ti/n-type 4H-SiC contact. The diodes
were fabricated by first depositing Au-aerosol nanoparticles (diameter of 20 nm, density
of 90 um~2) and then depositing 200 nm thick Ti layer in an evaporation chamber. The
schematic view of the final Schottky diode structure is depicted Figure 10a. In Figure 10b,
the I-V curves for these Schottky-diode embedding nanoparticles are compared to those of
a control Ti/4HSiC Schottky diode.
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Figure 10. (a) Schematic view of Ti/4H-SiC Schottky contact with embedded Au nanoparticles on
4H-SiC. (b) Forward current—voltage characteristics of Au-nanoparticle embedded Ti/4H-SiC contact
and particle-free Ti/4H-SiC control contact for different measurement temperatures (25, 100, 200 and
300 °C). Inset: comparison between the Schottky barrier height value of Au-nanoparticle-embedded
Ti/4H-SiC contact and Ti/4H-SiC control contact, as a function of the measurement temperature.
Figures adapted with permission from Ref. [80]. Copyright 2021 Elsevier Ltd.

From the comparison, carried out at four different measurement temperatures (25, 100,
200 and 300 °C), it was possible to point out that for each testing temperature, the [-V curve
related to the Au-nanoparticle-embedded Ti/4H-SiC contact was shifted towards a lower
voltage than the control sample (Figure 10b). The Schottky barrier height, derived by a fit in
the linear region according to TE theory and reported in the inset of Figure 10b, was lowered
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of 0.19 eV in the sample with nanoparticles. To explain this result, the authors invoked
the enhancement of the electric field under the interface in the depletion region, due to
the small size of the embedded particles and the large Schottky barrier height difference
obtained by using two metals as Ti and Au. This is, in part, confirmed by theoretical
calculation according to the Tung’s dipole-layer approach [18].

Later on, other studies reported on Schottky contacts with Au- or Ag-nanoparticles
embedded in a Ni-metal [82] or Al-metal [83] layer, obtaining a similar reduction of the
Schottky barrier height, which was associated with a reduction of the metal work function
induced by the presence of the interfacial nanoparticles.

Besides working on the barrier material, many efforts have been dedicated also to
the preparation and treatments of the semiconductor surface, to obtain a higher degree of
homogeneity of the contact.

As an example, the inhomogeneity observed in Schottky contacts to 4H-SiC could be
reduced by suitable treatments of the semiconductor surface, such as passivation with the
insertion of an insulating thin film between the semiconductor and the metal [84-86].

For example, Shi et al. [86] demonstrated that the presence of an ultrathin Al,O3
layer, deposited on the semiconductor surface by atomic-layer deposition before the metal
stack (Al 300 nm/Ti 100 nm) annealed at in Ar at 300 °C for 5 min (Figure 11a), enabled a
reduction of the barrier height. Three different oxide-layer thicknesses were investigated
in that work (0.8, 1.2 and 2 nm). The forward I-V characteristics, shown in Figure 11b for
all the tested Al,Oj3 thicknesses, indicated a reduction of the Schottky barrier height with
the increase of the Al,Oj3 thickness, down to a value lower than 1 eV (inset of Figure 11b).
In particular, the cross-section TEM analyses showed that the insertion of Al,O3 reduces
the diffusion of Ti into 4H-SiC and, hence, the possible occurrence of solid-state reactions
between metal and semiconductor. In this way, the formation of new titanium silicide and
carbide phases is prevented, thus resulting in an improvement of the interface homogeneity.
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Figure 11. (a) Schematic view of a Ti/4H-Si Schottky diode with the insertion of an ultrathin Al,O3
layer between metal and semiconductor surface. (b) Forward I-V characteristics of the Ti/4H-SiC
Schottky contact with increasing thickness of the inserted Al,Os-layer (0, 0.8, 1.2 and 2 nm). The
trend of the Schottky barrier height as function of Al,O3 thickness is reported in the inset. Panel (b) is
adapted with permission from Ref. [86]. Copyright 2021 Elsevier Ltd.

In another case, the insertion of an ultrathin amorphous-hydrogenated SiC layer
(a-SiC:H) in the Ti/4H-SiC contact has been assessed with promising results (see schematic
view in Figure 12a) [87]. The amorphous layer, with a thickness between 0.7 and 4 nm, was
grown on the 4H-5iC surface by means of plasma-enhanced chemical vapor deposition prior
to Ti deposition. Thermal annealing in a vacuum at 600 °C was also performed. The value of
the Schottky barrier height varied between 0.78 and 1.16 V. These values, derived from room
temperature I-V measurements, are reported in Figure 12b. As one can see, the Schottky
barrier height depends on the amorphous layer thickness and thermal annealing duration.
Specifically, while a slight influence of the amorphous layer thickness was observed on
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the Schottky barrier value, the duration of the 600 °C annealing, supposed to result in the
formation of the Ti5Siz phase [88], had a more significant impact on the barrier height. In
particular, the lowest barrier value was obtained after the longest annealing treatment.
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Figure 12. (a) Schematic view of a Ti/4H-SiC contact with an ultrathin amorphous SiC:H layer
inserted between Ti and 4H-SiC. (b) Barrier height ¢y for different thicknesses of the amorphous
layer and duration of the annealing treatment. Panel (b) adapted with permission from Ref. [87]).
Copyright 2021 Elsevier Ltd.

Another method to modify, at atomic level, the surface where the Schottky contact
is formed, consisted of the graphitization of the 4H-SiC surface [89,90]. It is known that
as-grown monolayer graphene (MLG) on hexagonal SiC consists of a buffer layer (BL),
similar to graphene but still covalently bond to SiC, plus a graphene overlayer [91]. The
as-grown MLG contact exhibits ohmic characteristics, which have been explained by a
low Schottky barrier height (¢p = 0.36 £ 0.1 eV) with SiC [92]. Such a low ¢p value has
been ascribed to the positively charged dangling Si bonds at the BL/SiC interface, which
cause a Fermi level pinning of graphene close to the SiC conduction band, as well as a high
n-type doping of graphene itself (n ~ 1 x 101 em~2) [92]. Differently, after an annealing
treatment of the MLG in Hp-atmosphere, the covalent bonds between the BL and SiC break
up and Hj saturates the dangling bonds, converting the electrically inactive BL into an
additional real graphene layer [93]. This quasi-freestanding bilayer graphene (QFBLG) is
moderately hole-doped (p ~ 8 x 10'> cm~2) and provides a Schottky contact to 4H-SiC [94].
As discussed by Hertel et al. [94], these two different graphene/4H-SiC interfaces can be
used side-by-side on the same chip in a real 4H-SiC-based MESFET device, as illustrated in
Figure 13. Specifically, the MLG on 4H-5iC is used as ohmic contact for the source and drain
electrodes (marked as “contact graphene”), while the QFBLG /4H-SiC—Schottky interface
serves as a gate electrode (marked as “gate graphene™) [94].

In this system, nanoscale conductive atomic force microscopy (C-AFM) on QFBLG
showed a dependence of the Schottky barrier height on the diode area, from values in
the range (0.9-1) eV obtained for large contacts, up to values approaching ~1.5 eV for the
smallest contacts. The behavior of this kind of contact was explained by considering that
SiC step edges and facets are preferential current paths causing the effective lowering of
the barrier. The reduced barrier height in these regions can be explained in terms of a
reduced doping of QFBLG from SiC substrate at (11-20) step edges with respect to the
p-type doping on the (0001) terraces [93].
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Figure 13. Schematic view of graphene/4H-SiC-based transistor, with two different interfaces, i.e.,
MLG and QFBLG contact acting as ohmic and Schottky gate contacts, respectively. Figure adapted
with permission from Ref. [94]). Copyright 2012 Nature Portfolio.

A final example regards the work of Lin et al. [95], who explored a new way to
fabricate tunable Schottky diodes with ns-pulsed excimer laser (193 nm)-modified n-type
single-crystal 4H-SiC. The diodes were analyzed both by macroscopic I-V measurements
by using Au-layer as electrode and by nanoscale characterization by means of atomic
force microscopy in PeakForce TUNA configuration, this latter schematized in Figure 14a.
Particularly, as noticed from the macroscopic I-V characterization on pristine and irradiated
contacts, the most notable change in the I-V behavior was observed for the contact exposed
to 2 J/cm? (not shown here). For the contact irradiated at such fluence, the nanoscale
I-V characterization for different numbers of pulses (1-20 pulses), directly on the bare
laser-exposed surface of the semiconductor, showed a rectifying electrical behavior of the
contact, with the Schottky barrier increasing from 0.38 up to 1.82 V in the range 3-20 pulses
(reported in Figure 14b). A combined analysis with Raman spectroscopy for the sample
irradiated at 2 J/cm? demonstrated a graphitization of the 4H-SiC surface after laser
irradiation, which is probably at the base of the barrier height increase in contact to the
laser-modified 4H-SiC surface. For fluence as high as 5 ]/cm?, the appearance of the peak
corresponding to monocrystalline silicon (~520 cm~!) was observed.
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Figure 14. Nanoscale current-voltage characterization (by PeakForce TUNA mode of AFM) of
Au/4H-SiC contact to laser-irradiated semiconductor surface: (a) scheme of the nanoscale current—
voltage measurement set-up; (b) Schottky barrier height values extrapolated by I-V analysis for
4H-SiC surface irradiated with different pulse numbers. Figure adapted with permission from
Ref. [95]. Copyright 2021 Elsevier Ltd.

3.2. N-Type Doping of the Interface

The capability of 4H-SiC to sustain a high electric field (if compared to conventional
semiconductors, such as Si) enables the possibility of tailoring the Schottky barrier height
by varying the doping concentration (and hence the electric field) below the contact. If,
under reverse bias, the effect of a larger electric field has been widely investigated with an
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experimentally observed larger leakage current explained by the TFE model [96,97] and
mitigated by the use of the JBS layout, under forward bias, the effect of a modification of the
electric field requires deeper understanding. For instance, ion-irradiation-induced damage
below the interface in Ti/4H-SiC Schottky diodes showed the possibility of increasing the
barrier height by a deactivation of the dopant and a reduction of the electric field at the
interface following a re-ordering of the crystal structure [98].

On the other hand, as mentioned above, a way to increase the electric field consists
of increasing the doping concentration in the semiconductor below the contact layer. In
this context, it is interesting to study the effects on the barrier height and carrier trans-
port mechanisms in a heavily-doped 4H-SiC layer [19,99]. Hara et al. [19] studied the
dependence of the barrier height and forward carrier transport mechanism on the doping
concentration Np in Ni/SiC Schottky barrier diodes with 4H-SiC epitaxial layer. In par-
ticular, they investigated a range of doping concentrations, varying from 6.8 x 10 up to
1.8 x 10" cm~3. The increase in the doping concentration entailed a shift of the forward
I-V characteristics (that means larger current observed for higher doping concentration for
a given voltage value). This shift corresponded to a lower turn-on voltage, increasingly
stronger from the lightly-doped sample (Np = 6.8 x 10’ cm~3) to the heavily-doped
sample (Np = 1.8 x 10 cm™3). On the other hand, a modification was observed for the
predominant current transport mechanism, sweeping from TE to a TFE mechanism for a
higher doping concentration (Np > 2.6 x 107 ecm™3).

The predominance of the TFE mechanism for Schottky contacts on a heavily-doped
4H-SiC layer was also demonstrated for Ni/4H-SiC with a n+-type implanted layer of
4H-SiC (Np = 1.97 x 10" em—3) [100], whose forward J-Vr characteristics are shown in
Figure 15a. The inset reports the schematic energy band diagram for the metal /4H-SiC
interface when a TFE current transport mechanism is predominant. This contact exhibited a
lower value of turn-on voltage if compared to a reference Ni/4H-SiC contact formed on the
4H-SiC epilayer without implanted layer and standard epitaxial layer doping concentration,
as clearly highlighted by the graph in Figure 15b. The possible increase of the leakage
current could be mitigated by an appropriate choice of the device layout, as in the JBS
diode. This last point was theoretically investigated in Ref. [100].
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Figure 15. (a) Forward current density—voltage characteristics (open symbols) for Ni/n-type
implanted-4H-SiC Schottky diode and fitting curve according to the TFE model (continuous line). In
the inset, schematic energy band diagram for the metal/4H-SiC contact under forward bias, according
to the TFE current transport mechanism. (b) Forward current density-voltage characteristics of the Ni
Schottky contacts to n-type 4H-SiCwith or without a heavily doped n-type implanted layer. (Figure
extracted from Ref. [100]).
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4. Conclusions

In this paper, we overviewed some approaches applied in the 4H-SiC Schottky contact
development in order to improve the performance of the Schottky devices.

After a short discussion on the fundamentals of the metal /4H-SiC Schottky contact
formation and the typical electrical characterization by I-V measurements, we pointed
out the well-established technology of Schottky diodes, using Ti or Ni-based Schottky
barriers and discussed the current solutions, including the most promising low work
function and highly chemically stable metallization schemes and appropriate diode layouts.
Then, we presented some unconventional methods based on the manipulation of the
metal /semiconductor interface and aimed at an improved control of the Schottky properties
of the contact. As a matter of fact, although the metal /4H-5iC system has been studied for
a long time, many aspects in the contact formation are still unclear and require a deeper
understanding, both from a fundamental and a technological standpoint, in order to obtain
superior control of the Schottky contact electrical properties.

Nevertheless, some solutions have shown interesting outcomes. For instance, the in-
troduction of metal nanoparticles in the metal layer has been considered for the advantages
given in terms of barrier reduction. Other solutions act on the semiconductor side, for
example, with treatments before metal deposition, in order to homogenize the surface and
narrow the barrier heights and ideality factor distribution. The effects on the Schottky bar-
rier related to an increase of the doping density of the semiconductor layer have also been
investigated. Although these are early studies, they are very promising for the practical
implications in Schottky diode technology. In fact, in addition to an improvement of the
electrical properties in terms of uniformity, these solutions addressed the superior control
of the Schottky barrier height, with the ultimate capability to tailor and tune its value.
Besides the possibility of obtaining insight into the physical characteristics of the Schottky
contact, this aspect is of particular interest for the device makers, for the development of a
new class of Schottky diodes with tailored characteristics.
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Abstract: Ohmic contacts on p-doped 4H-SiC are essential for the fabrication of a wide range of
power electron devices. Despite the fact that Ti/Al based ohmic contacts are routinely used for
ohmic contacts on p-doped 4H-SiC, the underlying contact formation mechanisms are still not fully
understood. TLM structures were fabricated, measured and analyzed to get a better understanding
of the formation mechanism. SIMS analyses at the Ti3SiC,-SiC interface have shown a significant
increase of the surface near Al concentration. By using numerical simulation it is shown that this
additional surface near Al concentration is essential for the ohmic contact formation.

Keywords: 4H-SiC; ohmic contact; SIMS; TizSiCy; simulation

1. Introduction

Silicon carbide (SiC) is predestined for the fabrication of high power, high temperature
and high frequency semiconductor devices, due to its outstanding properties. Despite the
commercial availability of SiC power devices, like vertical MOSFETSs or Schottky barrier
diodes, some topics are not fully understood yet and need further investigations. One
major topic is the understanding of ohmic contact formation mechanism on p-doped 4H-
SiC [1], due to its importance in the fabrication of bipolar power devices, like pin-diodes or
Insulated Gate Bipolar Transistors (IGBTs).

In order to fabricate reliable and low ohmic contacts on p-doped 4H-SiC, various
metals and metal stacks have been investigated [1,2]. Due to rather low obtained contact
resistivities Ti/ Al based metal stacks have become a quasi-standard for ohmic contacts on
p-type SiC [1-3]. Numerous studies with different Ti/ Al ratios and stacking sequences as
well as varying Al surface concentrations fabricated by epitaxial growth or implantation
were done in order to fabricate low-ohmic contacts on p-doped 4H SiC [3-11]. These studies
have shown the possibility of fabricating ohmic contacts with a specific contact resistance
pc down to 107% Qcm? [2,6].

It was also shown that the formation of Ti/ Al based low ohmic contacts correlates with
the appearance of Ti3SiC; on the 4H-5SiC surface. Several investigations in literature have
revealed an epitaxial growth of Ti3SiC, during contact formation [3,8,11-16]. Maeda et al.
have described that the epitaxial growth of Ti3SiC, consists of two separate reactions (see
Equations (1) and (2)) [14].

Ti+3Al = TiAl3 at 959 K 1)

2SiC + 3TiAl3 = Ti3SiCy + 9AIl + Si at 1270 K 2)
Ti3SiC, formation is key for ohmic contact formation mechanism [1-3,6,8,12,17].

Notwithstanding these results, the formation mechanism of Ti/ Al based ohmic contacts on
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p-doped 4H-SiC is not fully understood [1]. Therefore, this work investigates the underly-
ing formation mechanism and sets up a theory for the contact formation mechanism by
analyzing and simulating the Ti/ Al based ohmic contacts interface.

2. Materials and Methods

Transfer length method (TLM) structures with increasing pad distances (30 um to
480 um) were fabricated on n~ doped 4H-SiC epitaxial layers in order to investigate
the contact formation mechanism of Ti/Al based ohmic contact. Al implantation and
subsequent high temperature annealing was used to create samples with p* doped regions
and Al surface concentrations between 3.3 x 10'® cm™3 and 5.0 x 10! cm™3. After
depositing and structuring a SiO, passivation layer, a metal stack consisting of 80 nm Ti
and 300 nm Al was deposited and patterned using a lift-off process. Subsequently ohmic
contact formation was done by rapid thermal annealing (RTA) at 980 °C in Ar atmosphere.
Finally, metal pads for electrical measurements were deposited and structured. A more
detailed description of the fabrication process of sample C can be seen elsewhere [18].
Table 1 gives an overview of the fabricated sets of samples and their fabrication parameters.

Table 1. Parameters of the fabricated sets of samples.

A B C
0.33t0 5.0
Implanted Al surface 5.0 5.0 (14 different Al
concentration [10"” cm™°]
surface conc.)
Implanted Al dose 9.0 6.0 0.34to 5.1
[10* em—2] ’ ’ (14 different Al doses)
High temperature implantation annealing 1700 °C, 30 min, Ar atmosphere

By using 4-point I-V-measurements (Keithley 4200 Parameter Analyzer, Keithley
Instruments, USA) at different temperatures (300 K to 450 K), the fabricated TLM structures
were electrically characterized and the sheet resistance Ry, the contact resistance R¢ as
well as the specific contact resistance pc were determined in the given temperature range.

Focused ion beam (FIB) (Helios Nanolab 600, FEI, USA) as well as transmission
electron microscopy (TEM) analysis were done to determine the thickness of the Ti3SiC,
layer (approx. 100 nm) as well as its stoichiometry.

3. Results
3.1. Sheet Resistance and Determination of the Acceptor Ionization Energy

All fabricated samples show ohmic behavior across all measurement temperatures.
The sheet resistance Ry, was used to determine the acceptor ionization energies AE 4 of the
fabricated samples. Equation (3) (together with Equations (4)—(8)) can be used to describe
the sheet resistance Ry, of a semiconductor, where g indicates the elementary charge, ¢ the
thickness of the semiconductor layer, p and n the hole and electron concentrations, y,, and
#n the hole and electron mobilities, respectively.

R = (3 G + (o)) o

Equations (4)—(6) were used to calculate the hole and electron mobility and their
respective temperature dependence, where pi¢ons¢ describes the mobility due to phonon
scattering, i4,, the doping dependent mobility degradation, T the temperature, Np the
donor concentration and N4 the acceptor concentration (all other parameters and their
values are shown in Table A1 [19].

-1
i= (Haomst + i) @
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Equations (7) and (8) were used to describe the carrier ionization, where N 5 describes
the ionized donor concentration and N, describes the ionized acceptor concentration (all
other parameters and their values are shown in Table A2 [1]. Here, a negligible carrier
compensation (p ~ N, ) was assumed at first.

_ Nc¢ AEp
Hn = seexp| —==2
nzNﬁ:Wl \/HTND—l with % ( ' >1~5 @
2 1n Nc = Nc,soOK(ﬁ)
_ Ny AE4
Np = 5 -exp\ — 51
A B
2 p Ny = Nv,soOK(ﬁ)

In Figure la the normalized average measured sheet resistances and the associ-
ated standard error of all sets of samples with an implanted Al surface concentration
of 5 x 10" cm™2 are shown. It can be seen that all sets of samples show similar tem-
perature dependent behavior despite differences in sheet resistance values (see inset in

Figure 1a).
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(a) (b)

Figure 1. (a) Measurement temperature dependence of normalized average sheet resistance Ryj,;
(b) Determined effective acceptor ionization energies AE 4.

The associated acceptor ionization energies AE 4 were determined by fitting the theoret-
ical sheet resistance to the measured ones. The theoretical sheet resistance was determined
by using the simulated implantation profile and assuming 100% activation of the dopants.

The determined effective acceptor ionization energies AE 4 as well as the theoretical
acceptor ionization energies (see Equation (9) with AE4 ¢ = 0.265 eV [19,20]) are shown in
Figure 1b. It can be seen that the determined acceptor ionization energies differ signifi-
cantly from the theoretical ones, which can be explained by a significant amount of carrier
compensation centers (see Equation (8)). As discussed in Section 3.3, these compensation
centers might be modelled by donor-like defects that trap free holes.

AE4 = AEpg— V/Np + Ny )
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3.2. Determination of Schottky Barrier Height

Based on the Thermionic Field Emission (TFE) model [21], Equation (10) can be used
to determine the Schottky barrier height ¢, where k describes the Boltzmann constant, i
the Planck constant, m* the effective tunneling mass (here 0.91 electron masses [22-24]), €
the vacuum permittivity and eg the relative permittivity of 4H-SiC (here 9.7 [4,22,23]).

q9¢s , gh | _p
PC,TFE X w1th EOO = — " (10)
EooCOth(%) 21\ m*epeg

The Schottky barrier height ¢p itself can be calculated by Equation (11), where E; de-
scribes the bandgap of the semiconductor, ¢, the metal workfunction of the ohmic contact
material, xs the electron affinity of the semiconductor and V; the built-in voltage [21,25]. It
can be seen that the Schottky barrier height decreases slightly with increasing N, .

E SN, V;
=58 gy — o) — TNV
¢B p (pm — xs) 83

(11)

Figure 2a shows the normalized average specific contact resistances of all sets of
samples with an implanted Al surface concentration of 5 x 10' cm~3. It can be observed
that all sets of samples show quite similar temperature dependent behavior despite different
absolute values of the specific contact resistances (see inset of Figure 2a) and despite the
deviation of sample B at temperatures higher than 375 K (indicated by the open red
squares). The origin of these deviations is not fully understood. Therefore, these values are
not used further.

8 . A — 1.6 This work
3‘6 - 1 u =, 1 v * A
8 = g B 5 14 ol
@ <08 c = 12 L
& S o 2 4. Literature
S So6 2 | v (1]
$n 5 08 v v 4
© w 2 i
o implante surface = .0- v [6]
8 - 0.4 cuzluer:trglf::jn. 5"1 10™ e @ 0 6- 1 -i' 3]
ﬁl [&] spec. contact resistance Q 04 I -F L [10]
= 8 0.2 @300K > -] v
I S "= |sample A 0.39 mOem? T % 02 s =" v [24]
‘6 (s} sample B 0.33 mQcm?* & 0 . . A [23]
c san:DIeC 100.8 mﬂlcm | . $ 1019 1020 A [22]
300 350 400 450 . 3| & [28
measurement temperature [K] Al surface concentration [cm™] [27]

(a) (b)

Figure 2. (a) Normalized average specific contact resistance (b) Determined Schottky barrier heights
form this work and literature. Ohmic contacts from literature fabricated on epitaxial regions are
indicated with V ([3,4,6,10,11,24]), ohmic contacts from literature fabricated on implanted regions
are indicated with A ([22,23,26,27]).

By fitting the theoretical specific contact resistance to the measured ones, the Schottky
barrier heights ¢p were determined (see Equation (10)). Figure 2b shows the determined
Schottky barrier heights from this work and compares them with Schottky barrier heights
known from literature. It can be seen that the determined Schottky barrier heights increase
with increasing Al surface concentration, which is in contrast to the theoretically predicted
decreasing of the Schottky barrier height with increasing Al surface concentration (see
Equation (11)).

In order to investigate this contradiction Secondary Ion Mass Spectrometry (SIMS)
analyses were carefully done at the 4H-5iC/Ti3SiCy-interface of sample A by using a
CAMECA IMS SC Ultra SIMS tool which allows a sub-nm resolution [28,29]. The sub-nm
depth resolution was achieved for O?* primary ions with an impact energy of 250 eV. The
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Al concentration was calibrated using a reference sample consisting of a SiC substrate
implanted with Al ions with an energy of 100 keV and a dose of 10'* cm 2.

Figure 3a shows the measured Al concentration, the measured Ti and Si counts per
second (CPS) as well as the implanted Al profile. While no Al could be detected in the
Ti3SiC; layer, the Al concentration at the 4H-SiC-TisSiCy-interface is significantly increased.
This additional Al concentration decreases within approx. 3 nm from a peak concentration
of approx. 102! cm~3 to the implanted Al concentration (5 x 10! cm~3). Furthermore no
significant amount of Ti could be detected in the 4H-SiC layer.

— G D § bl Najimp. = 5.00-10/%cm>
s 1 022_ o 1 06 & NAI,dose =1.02-10"" cm
g ‘.om 3 IE 1021 IRk ALgitt = 1.14 nm
S BERERES = S " = AI(SIMS)
2, = i ‘ Al (impl.)
‘% 10%"4 e -10° % é -------- Al (approx.)
=] ©
o " 3 £ 4020
O 1020 land © £ 10 G
c 10 = 10 (B 8 » '." | a
8 ’.._,.,..._..“-‘_b:'i""i"".".'! i:¥ g . ] =
—= o
<, 19 . L 103 =
10" s visic; | 5ic 10 = 1070
-5 0 5 10 0 1 2 3 4 5 6
depth [nm] depth [nm]
(a) (b)

Figure 3. (a) Measured SIMS profiles of Al, Ti and Si on the Ti3SiC,-SiC interface (b) Approximation
of the measured Al profile.

This increase of the Al concentration can be explained by a diffusion of Al during
Ti3SiC; formation. The total resulting Al profile can be approximated by the superposition
of the implanted Al profile Nyj ;. and the increase of the Al concentration at the 4H-
5iC/Ti3SiCy-interface. Equation (12) describes this superposition by using the implanted
Al profile Ny impi., the diffused Al dose during high temperature annealing N ;405 and
the associated diffusion length L 4 4;¢¢ [25]. Figure 3b shows the approximation as well as
the associated parameters. It can be seen, that the approximation fits very well with the
measured data.

2 NAZ dose x2
N o 2 Natdose o 12
a1(x) ALimpl. (%) + Lasaiffy/70 P L%qz,diff "

3.3. Numerical Simulation

To investigate the influence of the surface-near increased Al concentration as well
as the temperature dependent behavior of sample A a numerical simulation model was
developed by using Sentaurus TCAD (Version O_2018.06). Figure 4 shows the scheme
of the used simulation model. This model includes Ti3SiC, based ohmic contact pads
with a height of 100 nm and a pad distance d between the ohmic contacts. The model
includes further a homogeneous n~-doped 4H-SiC epitaxial layer, a p*-doped region and a
p**-doped region beneath the ohmic contacts. The p*-doped region was created by using a
Monte Carlo simulation of the implanted Al profiles. The surface near p**-doped region
was created by adding a Gaussian distributed Al profile with diffused Al dose N4; gose
and the associated diffusion length Ly 4ifs. Furthermore the model assumes complete
activation of the Al atoms and takes account of incomplete ionization as well as doping
and temperature dependent carrier mobility.
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TigSIC, < pad distance d >

TiySIC,

p**-doped

4H-SiC-Ti3SiC, interface

2d 4H-SIC epitaxial layer

Figure 4. Scheme of the simulation model.

An additional virtual N profile was added in order to model the concentration of carrier
compensation centers. The distribution of this additional virtual N profile is identical with
the distribution of the implanted Al profile and can be scaled by using the compensation
ratio feomp. Due to these additional donor atoms the concentration of free holes can be
reduced similarly to compensation by donor-like traps which increases the associated sheet
resistance and allows to fit Ry,.

Using this numerical simulation model, I-V characteristics depending on the diffused
Al dose Ny gose, the associated diffusion length Ly 4i¢f and the compensation ratio feomp
for each temperature and each pad distance d can be obtained. This allows to simulate I-V
characteristics for TLM structures at different temperatures.

Based on these I-V characteristics the sheet resistance R,j, and the contact resistance
R¢ of the modelled TLM structures were determined. Figure 5a compares the sheet
resistance Ry, Figure 5b compares the contact resistance R¢ determined from the electrical
measurement data with simulated ones of sample A. It can be seen that both fits are in
decent agreement with the measurements. It should be mentioned here that no adjustments
on the parameters Ny 05c and L 41 4irf determined by the SIMS analysis were necessary.
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Figure 5. (a) Measured and simulated sheet resistance (b) Measured and simulated contact resistance.

The determined compensation ratio fcomp is dependent on the temperature as shown
in Figure 6. It can be seen that f.,m, increases slightly with increasing temperature from
8.3% at 300 K to 10.5% at 450 K which fits to temperature independent compensation
ratios known from literature (10% to 27%) [30-32]. This temperature dependence might be
explained by the fact that the ionization energy from nitrogen differs from the ionization
energy of the actual compensation centers.
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Figure 6. Temperature dependence of determined compensation ratio.

4. Discussion

Due to the well-fitted simulation results, it can be concluded that the numerical
simulation model is suitable to describe TizSiC, based ohmic contacts on p-doped 4H-SiC
temperature dependent. Considering the fact that the simulation model does not show
ohmic behavior when not using the surface near Al profile it can be further concluded that
the surface near Al profile is essential for the ohmic contact formation. Based on these
results it is possible to propose a theory regarding the formation mechanism of Ti/ Al based
ohmic contact on p-doped 4H-SiC and the role of Ti3SiC, during contact formation.

During the Ti3SiC, formation a certain amount of Al diffuses in the SiC surface via
lattice places and increases the surface near Al concentration significantly. This increase of
the surface near Al concentration can significantly decrease the specific resistance pc (see
Equation (10)) and is therefore the key in the ohmic contact formation.

Further investigations are necessary to verify this model and to obtain a better under-
standing of the conditions leading to the ohmic contact formation under various process
conditions. Nevertheless, the fundamental effects are becoming accessible for process
integration and process modelling.
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Appendix A

Table A1. Mobility parameters [19].

Equation Parameter Unit Electrons Holes
) ML cm?/Vs 950 125
(4) é 1 24 2.15
(5) Ain cm?/Vs 40 0
(5) W 1 —1.536 —0.57
(5) Ay cm?/Vs 910 113.5
(5) ay 1 —2.397 —-2.6
(5) AN cm 3 2.0 x 1017 2.4 x 1018
(5) aN 1 0.75 29
(5) A, 1 0.76 0.69
(5) a, 1 0.722 -0.2

Table A2. Incomplete ionization parameters [19].

Equation Parameter Unit Nitrogen Aluminum
(7) 8D 1 2 —
@) AEp eV 0.0709 —
) Nc 300K cm ™3 1.7193 x 10" —
® 3 1 — 4
8) AE4 eV — 0.265
8) Ny 300K cm ™3 — 1.0752 x 1020
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Abstract: The radiation hardness of silicon carbide with respect to electron and proton irradiation and
its dependence on the irradiation temperature are analyzed. It is shown that the main mechanism
of SiC compensation is the formation of deep acceptor levels. With increasing the irradiation
temperature, the probability of the formation of these centers decreases, and they are partly annealed
out. As a result, the carrier removal rate in SiC becomes ~6 orders of magnitude lower in the case
of irradiation at 500 °C. Once again, this proves that silicon carbide is promising as a material for
high-temperature electronics devices.

Keywords: silicon carbide; radiation hardness; proton and electron irradiation; charge removal rate;
compensation; irradiation temperature

1. Introduction

One of the stimuli in development of the technology of wide-bandgap semiconductors
and creating devices on their basis is the high presumed radiation hardness of these
materials. Indeed, making higher binding energy of atoms in the lattice of a semiconductor
requires a higher energy of particles needed to disintegrate this lattice. Studies carried
out in the 1960s demonstrated that silicon carbide substantially surpasses silicon in the
radiation hardness [1]. Later, with increasing structural perfection of SiC and decreasing
level of background doping, the difference in radiation hardness between SiC and Si
decreased. It is noteworthy that the decrease in radiation hardness with the increasing
quality of material is also characteristic for other semiconductors. Various structural defects
and uncontrollable impurities could serve as drains for radiation defects and, thereby, slow
the degradation of material parameters.

However, statements started to appear in the literature suggesting that the radiation
hardness of silicon carbide does not surpass, and is even inferior to that of silicon in certain
conditions [2-5]. This conclusion seems to be surprising because the energy gap of 4H-SiC
(3.2 €V) is nearly three times that of silicon. We found it interesting to consider the situation
by using both our results and those of other researchers. Thus, the goal of the present study
is to consider the issue of the radiation hardness of silicon carbide and compare it with the
similar characteristic for Si.

Our work is focused on the results of high-temperature irradiation, due to the fact that
a lot of works have been devoted to the study and analysis of the results of irradiation at
room temperature. The great number of published studies are concerned with the radiation
hardness of SiC MOSFETs against yirradiation [6-12]. The effect of room temperature
electron irradiation on the properties of high-voltage 4H-SiC Schottky diodes also has
been studied in many works [13-20]. The effect of room-temperature proton irradiation
on the properties of 4H-SiC ]JBS has been extensively studied [21-28]. Consequently, in
this work, we considered it expedient to focus on the results of our work in the field of
high-temperature irradiation.
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2. Mechanism of Radiation-Induced Degradation of SiC

The radiation-induced degradation of a semiconductor device is commonly under-
stood as the deterioration of its performance under irradiation with high-energy particles.
The higher the irradiation dose required for the degradation of a semiconductor, the more
radiation-hard it is believed to be.

First, consider the possible mechanisms of the radiation-induced conductivity com-
pensation [29,30].

Assuming, for example, that the main defects generated by fast electrons are vacancies in
a SiC sublattice; if the formation of multivacancy complexes is considered unlikely, we have

S =n G- - VN 0
Here V is the concentration of vacancies, G the flux of charged particles, ngr the
probability of vacancy formation by a single particle, T the lifetime of a vacancy, determined
by drains; 3 the probability of vacancy capture by a free (having no captured vacancy)
atom of nitrogen impurity, and N the concentration of free nitrogen atoms. The initial
conditions aret=0, V=0, N = Nj.
The concentration of complexes of secondary defects N, (vacancy and impurity atom)

can be calculated by the formula
Ne=Np—N @)

where N, being zero at the initial moment of time. The concentration of carriers, elec-
trons (n), is the difference between the concentrations of impurities (shallow donors) and
complexes (in the case of deep acceptors).

n=N - N.=2N - N )

Assuming that the lifetime of a vacancy, determined both by drains and by the impurity
capture, substantially exceeds the irradiation time, then, the term V/t in Equation (1) can
be neglected.

A semiconductor can be compensated by two mechanisms. First, the radiation-
induced defects create deep acceptor levels, to which electrons from shallow donor levels
pass. In this case, no vacancy donor level complexes are formed.

Then, the concentration of vacancies linearly grows with increasing irradiation dose

V=ngp-G 4)
and the carrier concentration linearly falls:
N = No — T]FP-G (5)

Thus, with this mechanism being operative, the carrier concentration will linearly
decrease with increasing irradiation dose.

In the framework of the second mechanism, the radiation defect (vacancy) interacts
with a shallow-impurity atom to give an electrically neutral (or acceptor) center. This
occurs when the lifetime of a vacancy is substantially shorter than the irradiation duration,
being determined by drains. In this case, the vacancy concentration can be considered
stationary and be determined from Equation (1) as

V=npp-GT (6)

In this case, the dependence of the carrier concentration on the irradiation dose is
determined by the interaction of a vacancy with an impurity. Thus, the contribution of the
secondary radiation defects, vacancy + impurity atom complexes, dominates. In this case,
the carrier concentration is equal to the concentration of free impurity atoms (N), n = N.
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The kinetics of N with second mechanism is described by the equation

dN
- S =BG TN @)

possessing the following analytical solution
N =Np exp(—nep B-1G-1) ®)

In this case, the concentration of the electrically active impurity will exponentially
decrease with increasing irradiation dose.

Figure 1 shows experimental data for Ng—N, = F(AD) for SiC and Si, where AD is the
irradiation dose.

1.0 = i

Concentration. 10" cm™
o o o o o
(] N IS ()} (00]
4
/.
/ -

Dose. 10"° cm™®

Figure 1. Conductivity compensation in (1) n-4H-SiC and (2) n-Si under irradiation with 0.9 MeV
electrons. Points represent experimental data. The straight line 1 represents a calculation according to
Equation (9) at a parameter ngp of 0.25 cm~ L. Curve 2 represents a calculation by Equations (5) and (8)
at a factor (Npp P 7) in the exponent equal to 1.2 x 10716 cm2.

As can be seen from Figure 1, for silicon carbide, in the similarity to GaAs, the carrier
concentration linearly decreases with increasing irradiation dose. This means that the first
compensation mechanism is operative in SiC, this mechanism being associated with the
formation of deep acceptor levels and transition to these levels of electrons from shallow
donors. The linear dependence of the carrier concentration on the irradiation dose has also
been observed in studies by other researchers, see, e.g., [31,32].

3. Experiments on Determining the Carrier Removal Rate

Frequently, the radiation hardness of a semiconductor is evaluated by the parameter
“carrier removal rate” V4, defined by

~ No—Ny

Va4 AD )

where Nj is the concentration N;-Ny in the epitaxial layer prior to irradiation; N the N;-Ng
concentration in the epitaxial layer after the irradiation; and AD the irradiation dose.

The value of V4 for Schottky diodes (SBDs) and junction-barrier Schottky (JBS) diodes
under irradiation with electrons and protons are listed in Table 1, which also presents the
carrier removal rates for silicon under the same irradiation conditions. It can be seen that
V4 for SiC is approximately twice as small as that for Si.

35



Materials 2021, 14, 4976

Table 1. Comparison of carrier removal rates in devices based on SiC and Si.

SiC Device Type SBD600V  SBD1200V  JBS 1700 V Si
N4-Nj in base, cm 3 6.6 x 101° 45 x 101° 3.5 x 101° ~101°
V4 for electrons (0.9 MeV), cm ™! 0.095 [32] 0.073 [32] 0.12 [33] 0.232 [34]
V4 for protons (15 MeV) cm~! 63 [33] 50 [33] 54 [33] 110 [35]

Figures 2 and 3 present the dependences N3g—N, = F(AD) under irradiation with
electrons and protons of SiC Schottky diodes manufactured by CREE company. It can be
seen that this dependence is linear, which confirms the conclusion made in Section 2 about
the mechanism of the radiation compensation of SiC via formation of deep acceptor levels.
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Figure 2. Dependence of the concentration N3—N, in Schottky diodes (CREE) with the blocking
voltage of (a) 600 V and (b) 1200 V on the electron irradiation dose at room temperature. Different
symbols correspond to different diodes from the same batch.
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Figure 3. Dependence of the concentration N3—N, in Schottky diodes (CREE) with the blocking
voltage of 600 V. Irradiation with protons at room temperature. Different symbols correspond to

different diodes from the same batch.

4. Degradation of SiC Performance under the Action of Radiation

When a charged particle is decelerated in the semiconductor matrix, the released
energy can shift the lattice atoms away from the equilibrium position. This yields the
so-called primary radiation defects (Frenkel pairs), vacancies in the lattice and interstitial
atoms. Most of formed defects recombine, and the rest of them create levels (deep centers)
in the band energy gap of a semiconductor. Also possible is the interaction of primary
defects with each other and with impurity atoms to give secondary radiation defects. As a
rule, the secondary radiation defects are formed upon an increase in temperature, which is
accompanied by the annealing out of the remaining primary defects.

As the irradiation dose increases, radiation defects gradually accumulate, which causes
degradation of a semiconductor device, for example, see [36-38]. In SiC pn structures, as
well as in pn structures based on other semiconductor materials, irradiation leads to the
following effects.

1.  The free carrier concentration decreases and, accordingly, the ohmic resistance of the
base region grows. This is due to the formation of compensating radiation defects to
which free carriers go.

2. The carrier lifetime and their diffusion length become shorter. This is due to the
increase in the concentration of recombination centers in the semiconductor.

3.  The leakage currents under a reverse bias increase. This may be due to the formation
of defect clusters shunting the pn junction.

Figure 4 shows dependences of the quantum efficiency of a SiC UV photodetector
before and after the irradiation with heavy ions. The decrease in the quantum efficiency is
due to that in the carrier diffusion length.

Figure 5 shows how the conductivity of Schottky diode bases decreases upon irradia-
tion with protons and electrons. The formation of compensating acceptor levels leads to a
6-7 orders of magnitude decrease in the carrier concentration in the base region. In this
case, the carrier mobility decreases only slightly.
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Figure 4. Spectral dependences of the quantum efficiency of a 4H-SiC photodetector with Schottky
barriers: (black) initial sample and (red) sample irradiated with 167 MeV Xe ions at a fluence of
6 x 10° cm~2. Room temperature.

100 T Ty T Ty T Ty T Ty

10‘1, | | ]
107 y
107 1
10-4" ° 3
1074 8 :
10°4
107 v :
10° *
10_9 13 14 15 16 17
10 10 10 10 10

-2
Dose. cm

xm

C. 1/0hm

Figure 5. Base conductivity of a Schottky diode (600 V) after (1) protons and (2) electron irradiation.
Different symbols correspond to different diodes from the same batch.

Figure 6 shows current-voltage characteristics of a Schottky diode with breakdown
voltage of 1200 V after the proton irradiation. The irradiation affects only slightly the
voltage dependence of the forward current in the exponential area of the current-voltage
characteristic. The irradiation in the pre-exponential (currents of 10712-10"1* A) and
post-exponential (high currents) areas drastically affects the current-voltage characteristic.
At high currents, the base resistance increases due to the decrease in the free-carrier
concentration. Leakage currents grow at low currents.
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Figure 6. Forward current-voltage characteristic of a Schottky diode (1200 V class) at various doses
of irradiation with 15 MeV protons [36].

The reverse current-voltage characteristics of Schottky diodes before and after the
proton irradiation were investigated in [33]. It was shown that the leakage currents decrease
at low reverse voltages, which is apparently due to the total increase in the resistance of
the structure. At high reverse voltages, the reverse currents do increase, which can be
attributed to the appearance in the space-charge layer of deep centers (radiation defects)
via which carriers are generated.

Somewhat more complicated is the result of irradiation of SiC MOSFETs (a typical
structure of such a device is shown in Figure 7). First, as in the case of a pn structure
and Schottky diode, the free-carrier concentration decreases and the resistance of the drift
region grows. Second, the devices have a subgate insulator layer (5i0;) in which the charge
state of traps changes under irradiation. This may lead to an increase in the output current
of a transistor at small irradiation doses. Both of these effects are well represented in the
current-voltage characteristics presented in Figure 8.

L, Ly L,
Metal Oxide
Gate
Source Source

Drift layer(N=8x10"* cm™, 9 pm)

N* substrate

Figure 7. Cross-section of an elementary cell of a 4H-SiC MOSFET. The gate length Lg is 0.5 um, the
oxide thickness d is 60 nm, and the drift (blocking) layer thickness Hd is 9 um [37].
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Figure 8. Output characteristics I4(Vq4) of a SiC MOSFETs (1.2 kV class) under study at various
irradiation doses. The gate voltage Vg =5V [37].

5. Comparison of the Radiation Hardnesses of Si and SiC

Since silicon carbide is often viewed as a possible replacement for silicon in power
devices, it is interesting and useful to compare the radiation hardness of the two materials.
In our opinion, two approaches to such a comparison are possible.

First, two SiC- and Si-based diodes with the same breakdown voltage can be compared

Upssi = Uprsic => (Barsi'Wsi) /2 = (Bersic*Wsic) /2 => Wer = Wsi-Eqrsic / Eersi (10)

Here, Uy, is the breakdown voltage, E.; the critical electric field, and W the space-
charge layer thickness at Uy,.

Because the critical field in silicon carbide exceeds by an order of magnitude that in
silicon, Eqsic/Eqsi = 10, we obtain, with consideration for the fact that W ~ \/Nd —Na,
N(d—a)si = 100 N(g_a)sic, where Ng_, is the concentration of the uncompensated impurity
in the base.

Thus, at the same breakdown voltage, the SiC diode is doped to a level exceeding by
two orders of magnitude that for the Si diode. Consequently, even at equal values of V4,
the compensation of SiC diodes requires a 100 times higher irradiation doses, compared
with Si diodes.

Second, the radiation hardness of SiC and Si diodes with the same base thickness can
be compared [39]. This is important for fabrication of charged-particle detectors, in which
the applied reverse voltage is limited and the maximum thickness of the space-charge layer
should be obtained. In this case, the carrier-removal rates are directly compared.

It can be seen in Table 1 that the value of V4 for SiC is only two times smaller than for
Si. Because the energy gap Eg of SiC is nearly three times that for silicon, a question arises
why the difference between the values of V4 for these two materials is so insignificant.

Table 2 presents the results of an analysis of the annealing-out of radiation defects in
4H and 6H silicon carbide irradiated with various kinds of ions. It can be seen that there
are two characteristic temperature ranges in which this annealing occurs: 200-800 °C and
>1200 °C. Such a situation is also characteristic of other semiconducting materials. In the
first stage of annealing, most of the primary radiation defects recombine, with the remaining
forming substantially more temperature-resistant complexes, which are annealed out
at significantly higher temperatures. However, the position of these annealing stages
along the temperature scale depends on the properties of a semiconductor, including its

energy gap.
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Table 2. Annealing temperatures of radiation defects in SiC after various kinds of irradiation [38].

Rie S Kdoflmdain Ot lreweote  Tempeurn Which e kDs
[40] 4H-p e-25MeV 200-400 950-1400
[41] 6H-n ¢-0.3-0.4 MeV 400-900 1600
[42] 4H-n e-15 MeV; p-1.2 MeV 200-800 >1200
[43] Zgzﬁ e-2.5 MeV; p-1 MeV, He - 1200-1700
[44] 4H-n e-15 MeV 400-800 12002000
[45] 6H,4H,15Rp p-8 MeV - >1200

e stands for irradiation with electrons; p, for irradiation with protons; and He, for irradiation with helium nuclei.

Figure 9 schematically demonstrates how the concentration of radiation defects (Ry4)
in silicon and silicon carbide varies with temperature.

SiC

Rd concentration, arb.units

0 200 400 600 800 1800 2000 2200
Temperature, K

Figure 9. Schematic comparison of how the radiation defects are annealed-out in SiC and Si [38].

The figure shows that, at room temperature, these two materials are in different
physical states with respect to the annealing-out of radiation defects. For silicon, the
primary annealing stage has already been completed, whereas for SiC it has not yet begun.
Thus, even if the concentration of introduced radiation defects was lower immediately
after the irradiation (the irradiation temperature is conditionally 0 K), the concentration of
defects in silicon when heated to room temperature became lower than that in SiC.

This can explain such a small difference between V4 in SiC and Si and gives impetus
to a desire to verify this assumption and irradiate silicon carbide at elevated temperatures.

6. Irradiation of SiC at Elevated Temperatures

Previous experiments with III-V materials have demonstrated that the irradiation
temperature can cardinally change the radiation hardness of materials and devices [46]. We
examined, for the first time, the influence exerted by the electron irradiation temperature
on high-power (blocking voltage 1700 V, working current 10 A) 4H-SiC Schottky diodes
within the range 23-500 °C [47-49].

To perform high-temperature irradiations, we designed and constructed a special
target chamber. This chamber enabled us to work with irradiations in air at temperatures
ranging from room temperature to 600 °C. The accuracy of maintaining the sample temper-
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ature during irradiation was £5 °C. The heating rate was maintained at 0.5 deg/s and the
cooling rate was about 0.25 deg/s.

It was found that, at comparatively small values of ® ~ 10'® cm~2, raising the irra-
diation temperature from room temperature to 300 °C affects, comparatively slightly, the
electron removal rate. With increasing dose, the difference between the base resistivities
upon irradiation at room and elevated temperatures monotonically grows and exceeds
three orders of magnitude at @ ~ 6 x 10'® cm~2 (Figure 10).

10° SOOOC

Current /. A

T T ¥ 1

— —_—
0.0 05 1.0 1.5 2.0 25
Forward voltage U. V

Figure 10. Forward current-voltage characteristics of diodes upon their irradiation with 0.9 eV
electrons at three different irradiation temperatures T;. the dose @ ~ 6 x 10'® cm~2. The inset shows
how the base resistivity p depends on the inverse irradiation temperature [47].

We also examined the effect of a high-temperature irradiation with 15 MeV protons
on parameters of high-voltage 4H-SiC Schottky diodes at doses in the range from 7 x 103
to2 x 10" em~2.

After the irradiation with a dose of 10* cm~2 at room temperature, the forward
current at a forward voltage U = 2 V decreases by ~10 orders of magnitude (Figure 11).
In this case, the cutoff voltage U, equal to ~0.6 V in unirradiated devices, decreases to
U. =~ 0.35 V. By contrast, irradiation with the same dose at a temperature of 500 °C results
in that U, increases to U, =~ 0.8 V. At the same reference forward voltage U = 2V, the
decrease in current, as compared with the value for unirradiated devices, was ~4 orders
of magnitude. In the whole range of doses and irradiation temperatures under study, the
forward current-voltage characteristic of the diodes is linear at U > U up to U > 2 V. In
unirradiated diodes, the forward current I at the reference forward voltage U =2 V is
I~ 12 A (see details, datasheet, quote on part number: CPW3-1700-S010B-WP).

The resulting set of experimental data indicates an increase in the radiation resistance
of diodes with an increase in the temperature of irradiation. The physical reason for this
temperature dependence is a decrease in the stationary concentration of radiation defects
(RD), which are responsible for compensation of the base conductivity of the Schottky
diodes under study, with an increase in the irradiation temperature.

As is known, the main RDs that create deep acceptor levels in n-SiC are mainly
carbon vacancies [37,50]. The rate of generation of primary RDs (which are vacancies and
interstitial atoms in both silicon carbide sublattices) in the temperature range under study
is practically independent of the irradiation temperature [51,52].
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Figure 11. Forward current-voltage characteristics of the diodes upon their irradiation with 15 MeV
protons at three different irradiation temperatures Tj, the dose @ =1 X 10 em—2 [48].

However, the further fate of the generated vacancies (secondary defect formation)
can significantly depend on temperature. As the temperature rises, the vacancy mobility
increases and the recombination radius with a genetically related interstitial atom increases.
Therefore, the fraction of vacancies that have escaped recombination and created deep
acceptor levels is greatly reduced. According to our picture of irradiation, this proportion
is about 25%, then at 300-400 °C it decreases by a factor of 2-3.

In principle, a second possible reason cannot be ruled out, which is a change in the
spectrum of secondary radiation defects created during hot irradiation. A change in the
X-ray diffraction spectrum was previously observed under hot electron irradiation of
silicon and A3Bs materials [47,52].

Thus, we can conclude that the previously made assumption that the radiation hard-
ness of silicon carbide will grow with an increase in the irradiation temperature is valid. In
our opinion, this is an important conclusion because SiC is considered to be a promising
material, especially for development of high-power and high-voltage devices.

7. Conclusions

e  Silicon carbide of n-type is compensated under irradiation due to the transition of car-
riers to the acceptor-type radiation defects being formed. As a result, the concentration
difference Ng—N, (Na—Ny) linearly decreases with increasing irradiation dose.

e It was shown that the dose @ corresponding to the total degradation of a device
satisfies the condition @ ~ V4/ng, where Vg is the removal rate of electrons from the
blocking layer of the device and ny the initial electron concentration in the blocking
(drift) layer. In the VMOSFET devises under study (1.2 kV class), @ ~ 10 cm~2,
from a physics viewpoint, the condition @ ~ V4/ng reflects the situation in which
the concentration of a deep levels created by irradiation becomes equal to the initial
concentration of electrons in the drift region.

e  The radiation hardness of SiC devices exceeds by approximately two orders of magni-
tude that of silicon-based devices with the same breakdown voltage.

e It was shown for the first time that when operating under conditions of increased
radiation and elevated temperature, the service life of carbide devices is longer than
that for the same devices working at room temperature. Judging by the carrier removal
rate or the increase in the base resistance of Schottky diodes under irradiation, it can
be said that the service life is at least doubled.
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Abstract: In this review paper, several new approaches about the 3C-SiC growth are been presented.
In fact, despite the long research activity on 3C-5iC, no devices with good electrical characteristics
have been obtained due to the high defect density and high level of stress. To overcome these prob-
lems, two different approaches have been used in the last years. From one side, several compliance
substrates have been used to try to reduce both the defects and stress, while from another side, the
first bulk growth has been performed to try to improve the quality of this material with respect to the
heteroepitaxial one. From all these studies, a new understanding of the material defects has been
obtained, as well as regarding all the interactions between defects and several growth parameters.
This new knowledge will be the basis to solve the main issue of the 3C-SiC growth and reach the
goal to obtain a material with low defects and low stress that would allow for realizing devices with
extremely interesting characteristics.

Keywords: 3C-SiC; heteroepitaxy; bulk growth; compliant substrates; defects; stress

1. Introduction

Wide band-gap (WBG) semiconductor devices based on both silicon carbide (SiC) and
gallium nitride (GaN) can lead a revolution in power electronics through its faster switching
speeds, lower losses, and higher blocking voltages [1]. Furthermore, their properties enable
higher operating temperatures and increased power densities, but until now the benefits
shown by WBG power electronics have not been fully realized due to the high costs of the
material and reliability challenges.

47



Materials 2021, 14, 5348

Silicon carbide is a material presenting different crystalline structures called poly-
types [2]. To date, only the two hexagonal structures 4H and 6H-SiC are commercialized,
while the cubic form (3C-5iC) is not used until now in power devices despite the large
effort of the last years and several hundreds of papers published for each year. All these
polytypes have similar benefits over silicon such as higher breakdown fields (2-4 MV /cm)
and the larger energy band-gap (2.3-3.2 eV). The cubic silicon carbide is the only polytype
that can be grown on silicon wafers. This approach reduces the cost as no SiC substrate
is used and only the silicon carbide layer thickness required for the specific application
is grown on a cheaper Si substrate. This technology also offers the potential for faster
scale-up with wafer size compared with the development of larger diameter hexagonal
SiC wafers. In principle, with a large reactor, a 300 mm Si wafer can be obtained using the
present process.

Both 3C-5iC and GaN can work in the same breakdown voltage range (200-1200 V). 3C-
SiC is more appropriate for high-current applications due to its high thermal conductivity,
while GaN better fits in RF applications because of the high saturated electron velocity.
The lower band-gap of 3C-5iC (2.3 eV) in comparison to 4H-SiC (3.28 eV) is often viewed
as a negative aspect with respect to other polytypes. The lower band-gap brings a positive
effect because the lowering of the conduction band minimum causes a reduced density
of states at the SiO,/3C-SiC interface [3]. As a consequence, it has been demonstrated
that the metal oxide semiconductor field effect transistor (MOSFET) on 3C-SiC has the
highest channel mobility (above 300 cm?/V/s) ever presented on any SiC polytype [4].
This produces a large reduction in the power consumption of power switching devices [5].
A remaining challenge in both 3C and 4H-SiC is the electrical activity of extended defects.
It is identified as the major problem for electronic device functionality. The mechanisms
of defect formation must be clarified and the methods for their reduction developed to
reach full functionality and high yield [6]. So far, the growth of 3C-5iC on silicon has been
demonstrated on 150 mm Si wafers [7,8]. The process is feasible with up-scaled reactors on
200 mm or 300 mm wafers.

Another problem to solve concerns the intrinsic stress created during the growth
process due to the lattice mismatch between 3C-SiC (4.36 A) and Si (5.43 A) [9]. Thermo-
elastic stress also appears at the post-deposition cooling due to the 8% difference in the
thermal expansion coefficients between these two materials [10]. This results in stress
which induces the formation of various planar or extended defects in 3C-5iC. These defects
produce a considerable degradation of the crystalline quality of the epitaxial layer [11].

There are two types of defects in the epitaxial 3C-5iC layers. Anti-phase boundaries
(APBs) are planar defects that are formed at the geometrical separation of two 3C-SiC
grains. The grain differs by a 90° rotation in the Si(100) growth plane [12]. These are
described as anti-phased domains (APDs) that are formed by the steps present on the Si
surface. A second defect type is the stacking fault along the {111} planes. Most research
work highlights the intrinsic nature of these defects and points out that a reduction of their
density is possible by increasing the film thickness. The electrical activity of the extended
defects in 3C-SiC is a dominant problem for electronic device performance. Clearly, a
reduction of these defects is essential to improve the yield of power electronic devices [13].

In the last years during the CHALLENGE project [14], we have been active in develop-
ing two different approaches. In the first one, we have used several structured substrates
(compliance substrates) [15-17] to reduce the defect density and stress. This approach
maintains the attractive low cost of the silicon substrate material. However, it does not
take advantage of the high heat dissipation of 3C-SiC because it is limited by the low
thermal conductivity of silicon. The second approach of the bulk growth has a higher
cost due to the higher cost of the 3C-5iC substrate but allows to take advantage of the
high thermal conductivity of 3C-SiC in the devices. Furthermore, there is an advantage
in the device processing because of the possibility to use the high-temperature processes
already developed in 4H-SiC processing (e.g., epitaxy, ion implantation activation, etc.).
The use of Si as a substrate has the main advantage, with respect to 4H-SiC, of reaching
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large diameters directly without the long and expensive process of the traditional diameter
enlargement. In addition, the lower band-gap and higher channel mobility of 3C-5iC can
produce MOSFET with a lower Ry, with respect to both Si and 4H-SiC in the breakdown
voltage region between 200 and 1200 V [5]. In previous works [18,19], it was observed
that in increasing the grown thickness of the material, the density of SFs can be strongly
reduced and this will produce an overall improvement in the electrical performance of
the devices.

The bulk growth of hexagonal 6H and 4H silicon carbide polytypes can be consid-
ered mature while the same cannot be said about the cubic polytype (3C-SiC) [20,21].
Different approaches such as the modified PVT (Physical Vapour Transport) (M-PVT) or
continuous-feed PVT (CF-PVT) method have been presented for bulk growth over the last
decade [22-24]. Only the methods based on the sublimation sandwich implemented by
Tairov et al. [25] could allow for the formation of 3C-SiC [6,26]. A major drawback for all
the mentioned bulk growth processes is the lack of available high-quality seeding mate-
rial. One widely investigated approach makes use of hexagonal SiC wafer materials and
explores switching to 3C-SiC. Another promising approach is based on the heteroepitaxial
growth of cubic silicon carbide on silicon (3C on Si) using chemical vapor deposition (CVD).
This method faces some challenges caused by the lattice mismatch of approximately 20%
between silicon and 3C-5iC, and the difference in thermal expansion [27]. The research in
this area has advanced in major ways over the last years and has been revitalized to use
the material as seed for bulk growth processes [6].

2. Materials and Methods

Several different compliance substrates have been realized to improve the quality of
the heteroepitaxial growth.

Inverted silicon pyramids (ISP) were fabricated on (001) Si wafers by deep UV lithog-
raphy. The structures consisted of 700 nm-wide square geometries with a 1.4 um pitch.
A thin layer of stoichiometric silicon nitride deposited by LPCVD with a thin buffer layer of
thermal silicon dioxide was used as a hard mask. The layer was etched by a fluorine-based
plasma and the silicon substrate was etched by a 45 wt.% KOH @ 70 °C solution.

In the second compliance substrate, the samples consist of a silicon (0 0 1) substrate
with 2 um of Sij_4Gey grown on top and a cap of 10 nm or 20 nm thick Si. From sim-
ulations [28], the ideal value of [Ge] for the lattice match was calculated to be around
12%. In our studies, three germanium concentrations were used at 10%, 12%, and 15%
The heteroepitaxial growth of the 3C-SiC films on the ISP and Si-Ge buffer substrates was
realized using a chemical vapor deposition process by NOVASIC in a horizontal hot-wall
reactor operating with standard silane/propane/hydrogen chemistry [29].

In the third compliance substrate, the Si(111) substrates were patterned into hexagonal
arrays of pillars on 100 mm wafers. The standard Bosch process in the shape of hexagonal
prisms 8 um deep and 2 or 5 um wide that were separated by 2 or 3 um trenches was
applied to fabricate the pillars. The pillars had 100 um hexagonal patches separated by 5
um trenches to avoid their contact and reduce substrate bowing. To further improve the
pillars” properties, a three-step procedure was used: (i) a vertical Bosch process was first
applied to dig the pillars; (ii) one isotropic dry carving was next applied to create the under
etching and necking; and (iii) some oxidation-stripping cycles were used to finally smooth
the sidewalls and reduce the top layer thickness of the pillars. The heteroepitaxial growth
was realized in a LPE M10 reactor using a trichlorosilane—ethylene hydrogen chemistry [6].

For the bulk growth, 3C-5iC seeds were realized on Si (100) substrates using a chemical-
vapor deposition process in a horizontal hot-wall reactor (LPE M-10, Catania, Italy). The sil-
icon and carbon precursors were trichlorosilane (SiHCl3 or TCS) and ethylene (C,Hy) using
hydrogen (H;) as a gas carrier. The process was implemented in a low-pressure regime
(100 mbar), wherein the epitaxy started at 3 pm/h, then increased to 6 um/h, and finally
further increased to 30 pm/h. This process resulted in a thick layer of about 70 pum. In the
next step, the temperature was increased above the melting point of silicon. This resulted
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in the Si substrate being fully melted inside the CVD reactor. The remaining freestanding
SiC layer was used as a seed layer for the following homoepitaxial growth which used
low-pressure regime at different temperatures (between 1600 and 1700 °C). A growth
rate of 60 um/h was used to increase the substrate thickness for two hours [6]. The first
20 microns of the 30 um layer were highly doped and the last 10 microns were low
doped for device realization. Nitrogen was used for n+ and n-type layer formation.
The total thickness of the 3C-S5iC homoepitaxial samples was about 200 um (confirmed by
SEM analysis).

Another approach for the bulk growth is to use enhanced sublimation epitaxy (ESE),
which is a modified physical vapor transport (PVT) growth technique originating from
a patent-protected epitaxial SiC growth method [30] developed by researchers at the
Linkoping University. A typical ESE growth setup is shown in Figure 1. The exclusiveness
of the ESE is the distance between the source and the substrate, as well as the character of
the source material itself. In a standard PVT setup, the distance between the source and the
substrate is more than 10 mm, while in the ESE it typically varies between 0.5 and 2 mm.
Such a distance is sufficient to create a large enough temperature gradient, which is the
main driving force for the growth. In addition, compared to PVT, such a short distance
allows for the more direct transfer of SiC vapor species from the source to the substrate,
with a much lower interaction with the graphite walls. In PVT, the source material is a
polycrystalline SiC powder, while in the ESE, the powder is replaced by a polycrystalline
SiC plate. Furthermore, tantalum (Ta) foil is inserted into the graphite crucible. At growth
temperatures, it reacts with carbon-bearing species and forms TaC. In this way, the vapor-
phase composition inside the crucible is enriched with Si, which is beneficial for the
enhancement of 3C-5iC stability. The combination of the short distance, Si-enriched growth
ambience, and stochiometric monolithic source makes ESE an excellent technique for the
growth of high-quality SiC layers in a vacuum (1 x 10~ mbar) at temperatures below
2000 °C. Such growth conditions are favorable to induce SiC conversion from hexagonal to
cubic polytypes, which are known to be more stable at temperatures below 2000 °C.

Using a transfer process developed at FAU Erlangen-Nurnberg [31], growth of the
bulk 3C-5iC with reasonable dimensions and thicknesses was demonstrated using such
seeding material and the approach of closed space PVT (CSPVT), [26,32], in its original
concept also known as Sublimation epitaxy (SE), was utilized.

. 3C-SiC on
[Temperature] ICopper conl] Seeding silicon
Stack | Spacer |

|Free-standing
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Figure 1. (a) PVT reactor used for the sublimation growth and hot zone consisting of a tantalum foil
to acquire carbon, the source material, a spacer to separate the source and seed, and the manufactured
seeding stack. (b) Schematic of the seed manufacturing process. Starting from 3C grown by CVD
on a silicon substrate, the silicon is removed by chemical wet etching and subsequently the thin
freestanding 3C layer is merged to a polycrystalline SiC carrier for mechanical stabilization and
backside protection (see Reference [32]).
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Starting from 3C-on-Si material grown by CVD (LPE M10, Catania, Italy), high-
temperature stable seeds for bulk growth in a PVT setup can be fabricated according to
Figure 1b. First, the CVD seeds are cut to get the desired dimensions. At the start of the
project, a diamond wire saw was used. However, the size of the samples that could be
prepared was limited to approximately 12.5 x 12.5 mm?, as the sawing process induced
cracks along the <110> direction in the 3C layer due to the applied mechanical force [33].
Therefore, a change to a multipulse-laser ablation technique [34,35] was made. As the
melting point of silicon (1419 °C) is well below the required temperatures for PVT growth
(<1800 °C), a removal of the silicon substrate is necessary. Otherwise, the molten silicon
would immediately react to silicon carbide with the graphite crucible and graphite isola-
tions used in PVT setups [24]. Therefore, after the cutting of the samples, a wet-chemical
etching of the silicon substrate with HNA (HF: HNOj: H,O) was performed [36,37], re-
sulting in a thin (typically between 20 and 50 um) free-standing 3C-SiC layer. The etched
layers featured a high-quality growth front as well as a defect-rich backside associated with
the former transition area between Si and 3C-SiC. Subsequently, the layers were merged
to a polycrystalline SiC-carrier with the high-quality growth front facing up. This step is
necessary for the mechanical stabilization of the thin 3C layers and to prevent a backside
sublimation during the sublimation growth. For the merging, a carbon glue with the main
component of 1-Methoxy-2-propanol acetate [31] was used and both a combined heat and
pressure treatment was applied. After the merging, residues of the carbon glue that could
remain on top of the growth caused by an overflow of the glue were removed to maintain
a high-quality starting point for the sublimation growth [38].

3. Results and Discussions
3.1. Flat Substrates

The 3C-SiC grown on silicon has still high defectivity even though strategies for the
elimination of a large plethora of defects are achieved. Common three-dimensional defects
of 3C-SiC grown epitaxially on silicon, such as protrusions, twinned regions, antiphase
domains, and polytypes inclusion, are eliminated or strongly reduced. On the contrary,
the elimination of dislocation, stacking faults, and stress in the 3C-5iC layer is far from
being solved. The hetero-interface is the principal “source” of such defects. Indeed, lattice
mismatch among Si and SiC, as well as the disparity in thermal expansion coefficients,
induced the formation of stress in the film and the formation of both SFs and dislocations.

For example, stacking faults in 3C-SiC can come out from Lomer dislocations” disso-
ciations at the hetero-interface: Lomer dislocation (that forms naturally due to the lattice
mismatch at the hetero-interface) with the Burgers vector of a/2 [110] can dissociate in

two partial dislocations, with the Burgers vectors a/6 [ﬁl] and a/6[121] where a is the

lattice constant. The two stacking faults propagate through the epitaxial layer and can
approach the surface. A cross-view image of the Si/SiC hetero-interface is shown in
Figure 2. In this figure, SFs are the oblique bright lines. A region near the hetero-interface
with a high number of SFs is highlighted and the density of SFs decreases, moving away
from the hetero-interface. In the “on-axis” substrate (Figure 2a), the SF can intersect and
form another kind of defect such as the “Lomer lock”. The formation of this linear extended
defect modifies the mechanical properties and more interestingly can avoid the propagation
of the SFs in the epilayer. Unlike the case of the “on-axis” substrate on which the SFs can
interact with each other in the “off-axis” substrate (Figure 2b), SFs can arrive at the surface
because they have the same orientation and are not able to cross each other. Even in this
case, a region of high density of SFs is apparent near the hetero-interface.
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(a)
0.5 pm

Figure 2. (a) TEM cross-section of a 3C-SiC layer grown on on-axis silicon. APBs and SFs in opposite
directions are visible. (b) TEM cross-section of a 3C-SiC layer grown on off-axis silicon. No APBs can
be observed while only SFs in the step direction are visible.

Another defect that is present only in the “on-axis” image is the anti-phase boundary
(APB) or also called “inverted domain boundary” (IDB)) (Figure 2a). This defect is a 2D
defect and it is the boundary between two 3C crystals rotated by each other by 180° around
the [110] axes. It is observed in Figure 2a as a curved bright line. This defect preferentially
lies on the (110) or (111) plane and has a particular atomic structure: it is coherent and can
couple with SF in a complex way. In the (110) plane, the structure is made up of a bent Si-C
bond that generates a square and a semi-octahedral configuration with unaltered bonds,
while in the (111) plane it resembles a twin with a Si-Si bond. In the last case, it can be
associated with an SF. For more detail, the reader can refer to [39,40]. The propagation
of IDBs within the crystal appears to be extremely complex, resulting in “complex IDBs”
interacting with SFs. Moreover, we noticed that IDBs can also end and generate SFs.
The presence of “disconnection” (which are steps with a Burgers vector associated in the
IDB) might cause such behavior.

The different orientations of the substrates ((100), (111), or (110)) produce a different
structure of the material on the surface [41] and a difference in the stress after the deposition.

3.2. Compliance Substrates: Pillar Growth

The pillar technology is intended to doctor the thermal strain of the deposited SiC
film by growing a suspended (thick) layer on top micrometric Si pillars, which eventually
bend to accommodate the larger thermal retraction in the cooling down of the SiC film with
respect to the Si substrate. The pillars are patterned in arrays in the Si substrate by a dry
etching process [42,43] (Figure 3). The <111> orientation is the most critical one for stress
accumulation with film thickness on flat substrates (less than 1 um without cracks) and
also provides a better quality of the deposited material on pillars. Therefore, the shape of
the pillars (hexagonal in cross-section) and the arrangement of the arrays (still hexagonal in
the pattern), which are suitably rotated with respect to the wafer flat to reduce the slanted
111 facet extension, have been optimized for the <111> growth orientation, wherein the
pillar technology could provide the most important contribution.
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o

Figure 3. Pattern (left) and shape of the pillars (right). Both pillars and the pattern have a
hexagonal structure.

Understanding and controlling the 3D crystal growth and subsequent coalesce dynam-
ics are the keys to optimizing the patterning and obtaining high-quality 3C-SiC suspended
layers on the underlying Si pillars. To this goal, an extensive theory-experiment analysis
of the evolution of the crystal growth has been performed and detailed in Reference [44].
First, the faceted growth of the individual SiC crystals has been characterized, as illus-
trated in Figure 4, by comparing the profiles of samples grown at different times with
phase-field simulations based on the kinetic growth model of Reference [15]. The un-
known facet-dependent growth rates to be set in the model have been extrapolated by
fitting the simulation profiles to the experimental ones, resulting in a good match between
Figure 4a and b. Once calibrated, the simulations allow us to investigate all intermedi-
ate stages of the growth (c), as well as the subsequent dynamics of merging between

neighboring crystals.
6 um

Figure 4. (a) SEM (1-10) cross-section view of the upper part of a SiC crystal after 3 pm (red) and
6 pm (blue) deposition on top of a 2 pm-wide Si pillar (gray), which is 8 um tall. (b) Phase-field
simulation profiles for the same conditions of (a) reproduced every 1 um deposition. (c) 3D view of
the evolution sequence obtained from simulations (see Reference [44]).
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As illustrated in Figure 5, two limiting cases have been studied, corresponding to a
90° rotation of the hexagonal pillar pattern. In case (a), pillar rows are along the [11-2]
directions so that coalescence occurs with a six-fold symmetry by bridging the large {111}-C
terminated facets with the smaller {100} ones, leaving six identical holes to fill at the latest
stages. In the same way, in case (b), pillar rows are aligned along the [1-10] direction such
that coalescence occurs at facet edges, resulting in a three-fold symmetry arrangement
with a larger hole in between {111}-C facets and smaller ones at the crossing of {100} facets.
As made evident by simulations, this latter arrangement is the most convenient, returning
a smoother surface profile after the deposition of about 12 pm.
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Figure 5. Comparative analysis of the coalescence of SiC crystals grown on Si pillars for
the two different patterns with pillar rows along (a) the [11-2] and (b) [1-10] directions
from both experiments and simulations. SEM views are reported for samples obtained
after 12 um SiC deposition on 5 pm large prismatic Si pillars, spaced by 2 pm gaps.
The magnified views highlight the different patterns of holes left by partial coalescence.
Simulation snapshots are shown for both the 3 and 12 um deposition. The colored regions
show the variations in height by the colormap. A smoother profile is achieved in case (b)
(see Reference [44]).

The strain relaxation in the 3C-SiC epilayer is enabled by the tilting of the pillars
underneath. As reported in Reference [45] for the case of Ge grown on Si pillars, the
deformation can be described as a rigid-body rotation of each pillar. It is possible to
conclude that the capability to rotate strongly depends on the aspect ratio of prismatic (or
paralepidid) pillars. Indeed, as shown in Figure 6a for the pillar at the periphery of the
array exhibiting the maximum deformation, the rotation mechanisms and consequently
the stress relaxation are larger for a smaller pillar width. Another important parameter
that controls the relaxation in the 3C-SiC epilayer is the height of the pillars. Indeed, as
observed in Figure 6b for different patch sizes, the higher the pillar, the better is the strain
relaxation. The stress (and strain) relaxation at the center of the array decreases when the
patch size is increased, at a fixed pillar aspect ratio, asymptotically matching the reference
case without any pillar when the patch size tends to be infinite. The relaxation of the
elastic energy in the epilayer can be enhanced also by changing the pillar spacing or, more
importantly, the pillar shape. Indeed, if compared to the standard parallelepiped pillars, T-
shaped ones (Figure 6c¢) offer a higher capability to rotate, being thinner in the intermediate
section of the pillar. This results in a lower residual stress or equivalent strain, as shown in
Figure 6a. The T-shape (Figure 6¢) case is comparable to the one with parallelepiped pillars,
characterized by a base of half-size and a larger pillar spacing, with the advantage that the
T-shape ones have a larger top surface for each pillar, above which the SiC can be grown.
According to the approach discussed in Reference [46], in Figure 6b, the relation between
the width and height of the pillars is plotted to guarantee a curvature radius of the sample
that is larger than 10 m. The curvature radius is calculated from the average residual strain
in the epilayer according to the Timoshenko formula for planar bilayers [47].
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Figure 6. (a) Color maps of the xx component of the stress tensor (oxx) for three 3C-5iC epilayers grown on array of pillars

with different geometries. Top: parallelepiped pillars, spaced by 2 um and with a base width of 5 um. Center: parallelepiped

pillars, spaced by 4.5 um and with a base width of 2.5 pum. Bottom: T-shape pillars, spaced by 2 um and with a maximum
base width of 5 um. (b) Plot of the height of the pillars as a function of the width of the pillars that is needed to guarantee a
curvature radius of the sample that is larger than 10 m (acceptable for post-processing of 4’ wafers). A (111) Si substrate is

considered. (c) SEM image of the T-shape pillars (adapted from Reference [46]).

3.3. Compliance Substrates: SiGe Buffer Layer

Another attempt to grow a high-quality 3C-SiC epilayer on a silicon substrate was
done by introducing a buffer epitaxial layer of Sij_Gey between Si and the SiC. We choose
a layer of Si-Ge because Si and Ge have the same FCC structure and are perfectly miscible:
the stoichiometry and lattice parameter can be decided a priori. This fact has important
implications: fine-tuning the lattice parameter in such a way to minimize the mismatch
due to the 4/5 ratio among the Si and SiC atomic layers is possible. Indeed, as already
reported, 3C-SiC and Si show roughly a 20% lattice mismatch, implying that four layers
of Si almost “equate” to five layers of SiC (the 4/5 rule). The extra plane of SiC creates
Lomer and misfit dislocations, thus stacking faults. Nevertheless, the 4/5 rule is not exact
and a mismatch (dependent on temperature) also exists between four layers of Si and five
of S5iC. This mismatch creates stress with the formation of extra dislocations and stacking
faults. The adoption of a buffer layer of Si-Ge can also reduce the thermal stress due to the
thermal expansion coefficient mismatch (between Si and SiC) caused by the cooling of the
sample from the growth temperature (about 1400 °C) to room temperature.

In Figure 7, we show the structure of the sample used in the experiment: 10 nm Si cap
on 2 um Sij_«Gey grown over a 300 pm silicon (0 0 1) substrate. The thin Si capping layer
thickness is lower than the “critical thickness” to avoid the formation of interfacial defects
at the Si/Si;_4Gey interface and it was introduced as a seed for the carbonization step.
The intensity of the transverse optical (TO) peak of SiC at 796 cm ! is shown in Figure 7b
for different carbonization temperatures and buffer layer compositions. The TO Raman
peak is forbidden for perfect 3C-5iC grown on (0 0 1) substrates (due to the selection rules)
and its presence is associated with twins and poly-crystals. It was observed that greater
Ge content and lower temperatures (1000 °C, 15%; 1050 °C, 15%; and 1000 °C, 12%) lead
to a high TO mode intensity. In these samples, we find Ge segregation at the interface
between the SiC and SiGe layer. Ge segregation implies the formation of poly-crystals,
while samples with lower concentrations and higher carbonization temperatures lead to
a mirror-like surface morphology and a lower value of TO intensity indicates a higher
SiC quality.
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Figure 7. (a) Schematic of the sample structure. The image is not to scale. (b) 3C-SiC TO peak height with respect to nominal

Ge concentration for several carbonization temperatures. The spectra of samples that have undergone 1000 °C carbonization

are shown in the inset (adapted from Reference [16]).

We also demonstrated that the carbonization temperature and composition of the
layer control the quality of the SiC film. It is also possible to achieve a higher quality with
respect to film grown on virgin silicon [16].

3.4. Compliance Substrates: Inverted Silicon Pyramids (ISP)

One of the most interesting attempts to grow a high-quality 3C-SiC epilayer on a
silicon substrate was done by creating a structured substrate. The structure came from
the following consideration: the SFs lie on {111} planes and can interact with each other,
stopping the propagation. Consider two SFs laying, for example, in the (111) and (11-1)
planes; they can cross and the structure is able to stop the propagation of one or even
both SFs. This clearly improves the crystalline quality of the film surface because the SFs
remain buried in the epilayer. The rate of SF annihilation is inversely related to SF density,
however, by means of the inverted silicon pyramid (ISP) compliant substrate, allowing for
a significant drop in SF concentration just within a few microns.

Its unique shape can concentrate SFs in tiny areas, enhancing the phenomenon of SF
annihilation [48].

In Figure 8a, we show a schematic cross-section view of the effect of this compliant
substrate. Silicon and silicon carbide are drawn as black and white regions. Blue lines
are SFs which either generate an X-shaped defect known as the forest dislocation or self-
annihilate, resulting in a system known as the Lomer lock, or end on an existing SF,
producing a so-called “A-shaped” defect. In Figure 8b,c, SEM images of the ISP structure
are shown in plane cross-view and plane-view. The four (111) planes of the pyramid are
shown, as well as the (001) zone among the two pyramids.
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Figure 8. (a) Schematic cross-section view of the effect of the ISP compliant substrate on the SFs.
Silicon and silicon carbide are drawn as black and white regions. Blue lines are SFs. (b) Cross-view
SEM image of the ISP structure. (c) Plane-view SEM image. The four (111) planes of the pyramid are
shown, as well as the (001) region among the two pyramids (adapted from Reference [17]).

The drawback of the use of this substrate is the formation of APB due to the different
polarities of the (111) faces of the SiC [17]. Nevertheless, it is well known that the grain
boundary density can be greatly decreased through the enhancement of the film thickness.

The APBs coverage with respect to layer thickness is depicted in Figure 9a.
Despite the fact that the substrate design yields APBs, their concentration was rapidly
reduced. Some tenth of microns of the SiC layer is enough to largely reduce the density of
APBs. The ISP morphology also induces the formation of buried voids in the epilayer be-
cause the (111) face has a slower growth rate than the (100) face. These voids are observed in
Figure 9b in which a cross-view TEM image of the 12 um-thick epitaxial 3C-SiC layer is
shown. The generation of voids may be advantageous in reducing the defectiveness of
the epilayer. Voids can annihilate SFs and reduce the residual stress in the layer. SFs that
cross the void are not able to propagate into the epilayer, reducing the defectivity. It is also
feasible to manage the void height by adjusting the growth rate and conditions. In such a
way, it is possible to modulate the concentration of SFs arriving on the surface [17].
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Figure 9. (a) Anti-phase boundaries (APBs) covered-area percentages for different thicknesses of the
epitaxial growth. (b) Cross-section SEM image of 12 um-thick epitaxial 3C-SiC layer grown on ISP
(adapted from Reference [17]).

3.5. Compliance Substrates: 4H and 6H-SiC

Hexagonal SiC (4H- or 6H-5iC) is a very promising substrate for the heteroepitaxial
growth of 3C-5iC due to the excellent chemical compatibility, thermal expansion, and
lattice constant matching. Moreover, contrary to silicon, the hexagonal SiC can be used
in high (>1800 °C) temperature processes such as the ESE, the concept of which has been
proven to be advantageous for the growth of homo and heteroepitaxial SiC layers at
growth rates of up to 1 mm/h [49]. A majority of hexagonal SiC substrates available on
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the market today can be categorized into off-axis (usually 4 degrees off-oriented towards
<11-20> direction) and nominally on-axis substrates. The latter have been commonly used
to grow 3C-SiC by sublimation techniques. However, due to difficulties in controlling
the spontaneous nucleation of the 3C-SiC island on such substrates and the formation of
structural defects called double positioning boundaries (DPBs), it has been challenging to
grow 3C-5iC with high crystalline quality. In contrast, the off-axis substrates have been
mainly used for homoepitaxy or the bulk growth of hexagonal SiC crystals. The difference
between the off-axis and nominally on-axis surfaces is the density of steps. The higher
density of steps on off-oriented surfaces enhances the reproducibility of the substrate
polytype and significantly reduces the possibility of 2D formation of 3C-SiC on step
terraces. Therefore, generally, they have not been considered for the heteroepitaxial growth
of 3C-5iC layers. However, it has been demonstrated that under certain growth conditions,
excellent polytype stability and a high quality of 3C-SiC can be obtained on research size
(7 x 7 mm?) 4 degrees off-oriented hexagonal SiC (0001) substrates [22,23].

3.6. Hetero-Epitaxy Process: Carbonization

The heteroepitaxy of 3C-SiC on Si is a complex process that is realized in several steps.
After the introduction in the reaction chamber, the first step is the etching of the silicon
substrate in a hydrogen flux to remove the native oxide (step 1). Then, the second step is the
substrate carbonization wherein a flux of the carbon precursor and carrier gas (hydrogen) is
introduced in the chamber at temperatures between 900 and 1200 °C (step 2). Subsequently,
the temperature should be increased to grow the 3C-SiC layer at temperatures close to the
melting point of silicon (step 3). Finally, the temperature is decreased to room temperature
(step 4). All these steps have a considerable impact on the quality of the epitaxial layer.

The most critical in the 3C-5iC/Si growth seems to be the second step: the carboniza-
tion of the Si substrate. This process is sometimes referred to as “reactive CVD” (R-CVD)
because one of the components of the compound (in this case, silicon) is not supplied from
the vapor phase but comes directly from the Si substrate that reacts with the gas (“vapor”)
species. As a result of carbonization, a thin seed of a few nanometers is formed for the
subsequent CVD epitaxy process; it is sometimes denoted as the “carbonization buffer”.
The characteristics of this seeding layer are fundamental for the crystalline quality and
the stress of the film. From previous studies, it has been observed that for given growth
conditions, the morphology and thickness of the carbonization buffer depend strongly on
the substrate orientation [50]. Consequently, the conditions to obtain an optimal buffer
differ between orientations. For any orientation, the maximal thickness is conditioned by
the nucleation density (proportional to carbon supply) and the ratio between the vertical
and lateral growth rates (controlled by process pressure and temperature).

During carbonization, initial nucleation centers extend progressively, laterally, and
vertically into three-dimensional 3C-5iC islands. Their temperature-dependent growth
rate is proportional to the carbon flow rate but remains limited by the Si supply from the
substrate; high in the initial stage when surface coverage with 3C-SiC is low, it reduces
progressively to zero as the 3C-SiC islands extend, coalesce, and block the Si supply.
It is important to mention that the R-CVD growth mechanism remains active until a
complete coalescence of the 3C-SiC buffer is achieved, which is sometimes a long process.
Consequently, in many cases, the CVD mechanism coexists (intentionally or not) with
R-CVD during the initial part of step 3 of the heteroepitaxial growth.

The roughness of the carbonization layer has a large effect on the stress of the en-
tire film: high roughness makes the relaxation of intrinsic stress during the growth eas-
ier [51]. The main process parameters that influence the roughness of the carbonization
buffer are the temperature of the carbon precursor introduction and temperature of the
carbonization plateau.

One of the problems related to the carbonization step is the formation of voids (also
called “etch pits”) in the near-interface region of the silicon substrate. These micrometric
cavities form from the coalescence of silicon vacancies created in the Si substrate as a
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consequence of the R-CVD growth mechanism. The major part of voids does not affect
the quality of the 3C-5iC film (their presence is sometimes considered as a stress-relaxing
factor), although some of them can be at the origin of surface defects in the epitaxial
film. Consequently, the void formation should be reduced. This can be achieved through
carbonization under a high C/Hj ratio, which increases the nucleation density and favors
fast-film coalescence that stops the formation of voids. In Figure 10a, the fraction in
percentage of the void area with respect to the total observed area as a function of the C/H;
ratio are reported. In the same figure, the density of the void as a function of the C/H,
ratio is also reported. The effective void areas decreases from 11% to 5% while increasing
the flux of carbon atoms. The reduction can be further enhanced by introducing the silicon
precursor during the thermal ramp between the carbonization plateau (step 2) and epitaxy
(step 3) to form a transition layer. Such intentional mixing of R-CVD and CVD mechanisms
further improves the quality of the interface between the 3C-SiC film and Si substrate [27].
In the same paper, it has been reported that the increase of the C/Hj; ratio also produces an
increase in the density of the layer, as well as an increase in the carbonized thickness.
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Figure 10. The percentage of void areas occupied with respect to the total observed area (a) and
voids’ density (b) are reported as a function of the C/H, ratio [%] (see Reference [27]).

The growth on compliance substrates may require a modification of the carbonization
step in order to fit particular substrate-related requirements. This is, for instance, the
case for substrates with the Si-Ge buffer for which the carbonization temperature was
reduced to below 1000 °C and H; etching (step 1) was excluded from the process in order
to preserve a thin Si cap (10 nm or 20 nm), necessary for correct carbonization. In addition,
the temperature of the CVD growth (step 3) was lowered to avoid Si-Ge melting. It is
important to underline that such a “low temperature” process resulted in a higher quality
of the epilayer on Si-Ge with respect to the film grown on bare silicon.

An alternative approach to the formation of the 3C-5iC seed on the Si substrate was
recently proposed. Silicon substrates are “pre-carbonized”, meaning that a few nm-thick
amorphous carbon (a-C) film is deposited using the plasma immersion ion implantation
(PII) technique. During H, annealing (step 1), carbon reacts with silicon to form oriented
3C-5iC seeds through a solid-state epitaxy mechanism. The standard R-CVD carbonization
step is no longer necessary. CVD deposition on such seeds gave satisfactory results on all
studied orientations: (100), (110), (111), and (112) [52].

3.7. Effect of Growth Rate: Defects and Stress

The growth rate has a large effect on the quality of the 3C-SiC both in terms of its
structural quality and stress. It has been observed in a previous paper [53] that the growth
rate has a large effect on the density of twins. In fact, in decreasing the growth rate from
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10 um/h to 1 pm/h, a decrease of the twin density of almost a factor of 6 can be observed.
A similar (but weaker) effect has been observed also on the rocking curve, which is more
sensitive to SFs and point defects [6]. The Full Width at Half Maximum (FWHM) of the
rocking curve is reduced both by reducing the growth rate and increasing the thickness.

With decreasing growth temperature, the growth rate has to be reduced or otherwise
the deposition may become polycrystalline. This is particularly the case for 3C-SiC growth
on the Si-Ge buffer and constitutes a potential limitation for further development of
this approach.

For the 3C-SiC growth on ISP substrates, we demonstrated that the height of the
void created above the vertex of the pyramid (Figure 9b) increased at higher growth rates.
Consequently, the initial stage of 3C-S5iC growth on ISP substrates, until reaching complete
coalescence, should be performed at a low growth rate.

The growth rate has also an influence on the final stress of the 3C-SiC epilayer. Indeed,
as demonstrated in [54], during the growth of the 3C-SiC layer, the intrinsic stress in the
layer is continuously relaxing. For a given film thickness, by tuning the growth rate, we
can adjust the duration of the relaxation (by the duration of the growth), controlling the
final stress of the sample.

3.8. Defects in 3C-SiC: SFs and APBs

In 3C-5iC, the most important defects that hinder its use in the microelectronic industry
are related to SFs and dislocations. Stacking faults (SFs) are the most important ones
dominating over the entire 3C-SiC layer thickness. In literature, three types of SFs are
observed depending on the number of atomic planes with the wrong orientation: SFs can
have 1, 2, or 3 errors in the stacking sequence and they are called intrinsic (or SF<1>),
extrinsic (or SF<2>), or conservative (or SF<3>) [40,55,56].

In 3C-5iC, mechanisms for SFs’ self-annihilation exist but there is also the possibility
for SFs to be generated [6,40,57,58]. The concomitant presence of these mechanisms leads
to the fact that SFs in 3C-SiC can be hardly reduced. The minimum SFs’ densities achieved
so far amount to about 10* cm™! in thin films [58]. In Figure 11a, a TEM image in in-
plane view shows four stacking faults that are generated from a grain boundary, while in
Figure 11b, a TEM image in cross-view shows the annihilation of the SF. In Figure 11a, a
vertical grain boundary generates three clearly visible SFs lying in (111), (111), and (111)
planes. Interestingly, two SFs in the (111) planes limit the SF in the (111) plane; they are
limited on the other side by the grain boundary. The intersection between the SFs (111) and
(111) is the Lomer—Cotrell partial dislocation and has a Burgers vector of a/6[011 The place
in which the grain boundary intersects the SF (111) is the place in which the SF (111) is
generated. In Figure 11b, the crossing of several SFs is shown. This image proves that there
are two possible intersections of the SF lying in the (111) and (111) planes. The intersection
indicated as “1” has an inverted V-shape typical for the formation of a Lomer—Cottrel
dislocation. This dislocation, as already reported, has a Burgers vector (a/6[110]) lower
than the usual partial dislocation Burger vector (a/6[112]) that borders the stacking fault.
The intersection called “2” has a lambda shape; it forms for kinetical reasons. These two
configurations can decrease the amount of SF approaching the surface and improve the
quality of the epitaxial film.

The annihilation mechanism is considered in more detail in Reference [59]. It is found
that the key parameter for the formation of a lambda-shape or an inverted V-shape is the
distance between the PDs and the mutual orientation of their Burgers vectors. In the case
in which the PDs have Burgers vectors that sum in such a way that the resulting Burger
vector is shorter than the initial ones, the partial dislocation attracts to each other and if
they are closer by less than about 15 nm, the propagation of both SFs is suppressed with
the formation of a Lomer—Cottrell lock. In the case in which the two PDs are far more
than 15 nm, they do not interact with each other and can form a Lambda-shape structure.
The Lambda-shape can form even if the partial dislocations are close enough, but they
repulse. In Figure 12 on the left, a sequence of MD simulation snapshots of the formation of
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“inverted V”-shaped intersection of stacking faults have been shown. In Figure 12 on the
right, MD simulation snapshots of the formation of “A”-shaped intersections of stacking
faults in the case of a large distance between partial dislocations (a—c) and repulsing
dislocations (d—f) have been reported. Blue atoms correspond to the Si and C atoms in the
cubic diamond lattice, while orange atoms belong to the stacking faults.

Grain boundary

| 500 nm <110>

Figure 11. (a) TEM image in in-plane view shows four stacking faults that are generated from a

grain boundary. (b) TEM image in cross-view showing the annihilation of the SF with two different
structures (adapted from References [40,60]).

Inverted V shape Lambda shape

(A) (B)

Figure 12. (A) Molecular dynamics simulation snapshots of the inverted V-shape configuration.
(a—c) The simulation time: (a)—0, (b)—120 ps, and (c)—180 ps. Blue atoms correspond to the Si and
C atoms in the cubic diamond lattice, orange atoms belong to the stacking faults. Inset in panel
(c) shows the atomic configuration of the formed Lomer—Cottrell lock dislocation. (B) Molecular
dynamics simulation snapshots of the lambda-shape configuration. in the case of the large distance
between the 30° leading dislocations (a—c) and as a result of the interaction of closely spaced 30°
dislocations with equal screw components of Burgers vectors (d- f). Simulation time: (a)—0, (b)—360
ps, (c)—540 ps, (d)—0, (e)—60 ps, (f)—200 ps. Inset in panel (c) shows the atomic configuration
of the intersection of 30° partial dislocation with crossing stacking fault, also corresponding to the
intersection in panel (f). (adapted from Reference [59]).

The SFs can interact also with other extended defects, such as the inverted domain
boundary (IDB) (sometimes called the anti-phase boundary, APB). In 3C-5iC grown on (100)
“on-axis” silicon, due to the symmetries of the Si lattice, two equivalent dispositions of the
SiC crystal are possible. The two possible orientations are rotated 90° around [001] and,
due to the SiC symmetries, a rotation of 90° is equivalent to flip the crystal upside-down.
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The boundary between two such domains is called IDB (or APB). The SFs can interact
strongly with this kind of extended defect of SiC. In Figure 13, a sequence of STEM images
showing an IDB interacting with SFs is shown. The image is the projection of the TEM
lamellae in the (110) plane. The SFs are observed as straight lines, while the IDB has
different lying planes and appears as a ribbon. A close inspection of these images shows
that SFs can be generated and annihilated by the IDB: several SFs can be recognized in the
figure and some of these are apparent only in the crystal below the boundary, while some
others are apparent only in the crystal above the boundary. SFs that are in the lower crystal
are not allowed to propagate in the top crystal and in this case, we observe an annihilation
of the SF due to the presence of IDB. On the contrary, SFs that belong to the top crystal
and are not present in the lower crystal are generated in the IDB. The SFs can be generated
during the growth due to interface instability that creates seeds for nucleation; after the
nucleation, it expands following the growth of the surface. Eventually, it can collide on
an IDB and be annihilated [40]. SFs can be also generated during the cooling down of the
temperature after the growth; indeed, temperature gradients can induce stress in the layer.
Above critical shear stress, it is known that the formation of dislocations and, in 3C-SiC,
the formation of partial dislocation is a thermodynamically favored process.

Figure 13. Sequence of STEM (110) cross-view images showing an IDB and its interaction with SFs.
The lying planes of IDB and SFs are indicated (adapted from Reference [40]).

As previously discussed at the beginning of Section 3.7, different kinds of SFs are
present in 3C-SiC. These different types of SFs can be seen as inclusions of different
hexagonal polytypes in the cubic structure. In particular, the intrinsic SF can be called a
2H-like SF, the extrinsic one can be seen as a 4H-like SF, and the conservative one can be
seen as a 6H-like SF. These different SFs have different energies [60] and different behaviors
of these defects should be expected. The room temperature p-PL map at 540 nm, taken
on a 3C-SiC sample in cross-section, is shown in Figure 14a [61]. Moving from the Si-SiC
interface towards the top (from 0 um to 35 pm), the band-edge peak intensity rises, showing
a considerable improvement of the crystalline quality, increasing the growth thickness.
Figure 14b,c exhibits p-Raman maps obtained in the same location and indicate certain
areas as well as the 3C-SiC/Si interface with greater signal magnitude at 778 cm~! and
784 cm ™!, respectively. Figure 14d—f displays the mean Raman spectra obtained in areas
(1), (2), and (3), which reveal the 3C-SiC TO mode centered at about 796.5 + 0.2 cm™.
Conversely, the mean Raman spectrum obtained in points (2) and (3) reveal an extra peak
at 778.3 cm™!, as well as two more peaks correspondingly at 778.0 cm ! and 784.0 cm L.
These additional peaks can be related to the presence of extrinsic (4H-like and 6H-like)
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stacking faults. From these data, we can observe that, despite the low energy of the 6H-like
SE, it appears that this kind of stacking fault can be observed in larger regions and closer to
the surface with respect to the 4H-like SF. More investigations should be done concerning
this aspect but we suspect that this large presence of 6H-like SFs could be due to kinetic
reasons more than energetic ones. In fact, from the energetic point of view, this SF has the
lowest formation energy.
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Figure 14. Micro-PL mapping (a) at 540 nm and micro-Raman mapping of a 3C-SiC cross-section
located at (b) 778 cm ™! and (c) 784 cm~!.The interface with the removed Si substrate is shown by
point 0 on the Y-axis. Average Raman spectra achieved in the (d) area (1) of the map (b), (e) zone
(2) of the map (b), and (f) zone (3) of the map (b,c). The laser probe created the peak located at
828.37 cm ! (*) (see Reference [61]).

3.9. Defects in 3C-SiC: Kinetic Monte Carlo Super Lattice Simulations

The study of the kinetic evolution of a defective system is a difficult task as it requires
both atomistic accuracies typical for the molecular dynamics approach and large space-
time scales typical for the experimental systems. Within the CHALLENGE project, we
developed an ab-initio calibrated kinetic Monte Carlo super lattice (KMCsL) code, [62]
offering a good compromise between accuracy and efficiency, which can simulate the
results of the growth processes in non-polar SiC as a function of the growth parameters also
in terms of defectivity and surface morphologies. Hence, the KMCsL simulations allowed
for the investigation of the formation and development of extended as well as point defects
over a realistic growth [62]. As an example of a simulation application strongly relevant
to the experimental studies, we considered the evolution of anti-phase boundaries (APBs)
in 3C-5iC and their interaction with stacking faults (SFs), which is discussed in detail in
Reference [57].

Due to the comparable energetics of polytypes, SFs are a frequent and wide-spread
extended defect in SiC, with respect to the polytype. They are classified as incorrect
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atoms sequences in comparison with theoretical polytype stacking arrangements. In the
purely hexagonal close-packed (hcp) representation, the polytype sequence is defined as a
repeating series of layers made up of Si-C dimers aligned on the hexagonal axis. Dimers in
every layer take one of three extremely symmetric locations (often denoted as A, B, and C).
If the recurring arrangement is ABC ABC ABC ..., etc., extending along the crystal <111>
axes, the cubic 3C-SiC (zinc-blend) configuration is produced. As a result, the existence of
{111} planes on the surface depletion allows for an increase in SF production. The formation
of a pair of triple SFs (SF <3>: three bilayers not in the correct crystalline structure) from
the surface depletion caused by an APB is shown in Figure 15. A series of pictures of the
under-coordinated atoms obtained at various KMC intervals are displayed. The existence
of three-fold coordinated Monte Carlo particles at its border leads to the generation of
the triple SF in this depiction (i.e., at the corresponding partial dislocation). We note that
the stacking sequence of the triple SF (sometimes termed micro-twin, i.e., ABC ABC ACB
ABC ABC ABC) divides two crystal areas in pristine epitaxial order. The only atoms out
of the right crystal locations are those within the extended defect. The APBs’ localized
asymmetry as well as the existence of the {111} faceted surface result in the development
of a triple SF (due to polytype instability) (see Figure 15a,b). When the APB generates the
SE, the two extended defects (SF and APB) maintain separate kinetics: the APB proceeds
to move through the [110] plane, while the SF expands on the (111) plane (snapshots b,
¢, and d of Figure 15). A TEM picture of an SF generated by an APB along the epitaxial
growth of a 3C-SiC (001) substrate is shown in Figure 15e. It expands autonomously from
the APB kinetics along the {111} planes. Moreover, surface depletion can be seen in the
correspondence of the (001) surface. These composed structures of proximal APB and
SF-type defects have been also evidenced by the conductance maps in this paper.
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(e)

Figure 15. A pair of triple SFs are generated as a result of the surface depletion caused by an

APB during 3C-SiC epitaxy along the [001] z-direction. Under-coordinated atoms from several
KMC moments: (a) triple SFs created by an APB; (b—d) three consecutive images illustrating the
autonomous kinetics of the APB traveling towards the [110] axis; and two formed triple SFs expanding
along the (111) planes. (e) TEM picture of an SF caused by an APB along the epitaxial growth (001) of
a 3C-SiC. It expands on the {111} planes autonomously from the APB kinetics. Moreover, the surface
depletion is evident at the (001) surface (adapted from Reference [57]).

3.10. Defects in 3C-SiC: Electrical Effects

Nanoscale-resolution current mapping of 3C-SiC by conductive atomic force mi-
croscopy (CAFM) provided a direct demonstration of APBs as the main extended defects
responsible for the enhanced leakage under reverse-bias, whereas both APBs and SFs
were shown to act as current paths under forward polarization. Figure 16a illustrates the
experimental configuration used for CAFM measurements on the cubic silicon carbide
surface. A typical topographic image collected on a 20 pm x 20 pm scan area is shown in
Figure 16b, from which a surface root mean square (RMS) roughness of 3.2 nm was cal-
culated. The nanometer deep “V-shape” depression in the morphology and in the height
line-scan (Figure 16b, right panel) were associated to an APB in accordance with the Monte
Carlo simulations of Section 3.7. Figure 16¢,d report the current maps measured simultane-
ously to the topography by applying a reverse-bias (Vijp = —0.5 V) and forward-bias (Vy, =
0.5 V) polarization to the Pt tip, respectively. This Schottky diode behavior of the Pt/3C-SiC
contact was confirmed by the significantly lower current values measured under reverse
polarization with respect to those measured under forward-bias. Using the same current
range (from 0 to 50 pA) for the two current maps, APBs are the most evident conductive
features under reverse-bias, whereas both APBs and SFs (indicated by blue arrows in
Figure 16d) contribute to the conduction under forward polarization. Two representative
scan lines across the APB for the two opposite tip biases are also shown in the right panels
of Figure 16¢,d, showing a higher current peak on the APB under forward-bias with respect
to the reverse one. This suggests that APBs are mainly responsible for the enhanced reverse
leakage current measured in macroscopic Pt/3C-SiC Schottky diodes. In particular, the
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separation between these extended defects deduced from this microscopic analysis is in
the order of tens of micrometers, in very close agreement with the value of L (=20 um)
deduced from the statistical characterization of Schottky diodes with different areas for
thin 3C-SiC layers [63].
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Figure 16. (a) Schematic illustration of the CAFM setup. (b) Morphology and (c) current maps
collected under reverse-bias polarization of the tip (Vtip = —0.5 V) and (d) forward-bias polarization
(Vtip = 0.5 V). An APB is indicated by a red arrow and SFs by blue arrows. Representative line-
scans across a grain boundary extracted from the topography ((b), right panel), current maps under
reverse-bias polarization ((c), right panel), and forward-bias polarization ((d), right panel) of the tip
are shown (see Reference [63]).
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3.11. Defects in 3C-SiC: Point Defects

Point defects can be observed in 3C-SiC by PL measurements on different samples
grown in different conditions. In particular, the PL spectra in the wavelength range of
1100-1600 nm of different samples grown at different temperatures with the same growth
rate are reported in Reference [64]. It was possible to observe that carbon vacancy (V¢),
carbon-silicon vacancy (V¢ Vs;), carbon vacancy-Si antisite (VcCs;), and Al-related defects
are present [65]. The growth rate and growth temperature seem to be the main parameters
that influence the point defect formation during the growth, as also reported in a previous
simulation paper [66].

3.12. Defects in 3C-SiC: Protrusions

Small defects produced during the carbonization process can have a large influence
on the final wafer quality: an example of this effect can be seen in the case of the defect
called “protrusions”. These defects appear on the surface of 3C-SiC as dark squares, with
a peculiar 3D structure similar to inverted pyramids with a vertex close to the SiC/Si
interface. In Figure 17a,b, a scanning electron microscope image of protrusion in in-plane
(a) and in cross-view (b) are shown. [67] The plan-view image is shown for a 30 pm-thick
epilayer to evidence the shape of the structure, while the cross-view is shown for a 3
um-thick epilayer. Yellow lines are drawn to identify the edge of the defect that is lim-
ited by four stacking faults. It was also found that the inner core of the defect consists
of nano-crystals twinned with respect to the substrate orientation. The base of the in-
verted pyramid is a square and the height is the same as the thickness of the epilayer.
In Figure 17c, the lateral size of the protrusion is shown as a function of the epilayer thick-
ness. A linear correlation between the size of the protrusion and the thickness of the epilayer
is apparent. Again in Figure 17c, two optical images of the protrusion are shown: in the
left-upper corner, a defect in the 30 pm-thin film is shown, similar to what was observed in
Figure 17a, while in the right-lower corner, the defect in the 150 um-thick film is shown.
Since the quality of the layer depends strongly on the thickness, a higher thickness is prefer-
able. Thus, the presence of even a small density of protrusions must be indeed avoided
because it can strongly decrease the quality of the wafer. In stating the importance of re-
ducing the density of such a defect, our group investigated the reason for the formation of
protrusions. The seed of this extended 3D defect lies 10 nm above the SiC/Si interface and is
probably related to a non-balanced carbon amount during the carbonization step or during
the temperature ramp-up after carbonization. Carbonization, as earlier reported, is a pro-
cess in which the carbon precursor reacts with the bare silicon surface and this is performed
to prepare the Si surface for SiC growth. The Si/C ratio during the carbonization and
the post-carbonization process is the key parameter to avoid the formation of protrusions.
In Figure 17d, the density of protrusions as a function of the C/Si ratio during the rise of
the temperature after carbonization is shown. As it is apparent, a ratio lower than 1.2 is
able to decrease the density of protrusions by almost two orders of magnitude, leading to a
density of 10 cm 2.
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Figure 17. (a) Scanning electron microscope plan-view image of a protrusion in a 30 um-thick epitaxial
layer. (b) Cross-view obtained after the cleavage of the wafer for a 3 um-thick epilayer. Yellow lines
are drawn in order to identify the edge of the defect. Crystallographic orientations are also drawn.
(c) The average size of the protrusions vs. the epitaxial layer thickness. (d) The density of the
protrusion as a function of the C/Si ratio during the buffer layer step (adapted from Reference [67]).

3.13. Stress in 3C-SiC

Another aspect that is crucial in the development of the 3C-SiC material is stress.
In this case, we have essentially two different components of the stress:. The first one is
called intrinsic stress, related to the different lattice constant between 3C-SiC and the silicon
that produces a high concentration of defects at the interface. These defects produce a high
level of stress essentially in the first microns of the growth. For thick layers, we observe a
reduction of this intrinsic stress and for very thick layers, this component of the stress is
close to zero. For the intrinsic stress, it has been observed through using MEMS devices that
the reduction of the stress follows an exponential low that is very close to the exponential
decrease of the SFs’ density vs. thickness [9]. This stress is generally compressive in 3C-SiC
(100) while it is tensile in 3C-SiC (111).

The second component of the stress is the “thermal stress”, related essentially to the
different thermal coefficients between silicon carbide and silicon. In fact, the growth occurs
at high temperatures (1350-1390 °C) and the two materials (SiC and Si) decrease their lattice
constants in different ways, moving from the growth temperature to room temperature.
This component of the stress is always tensile and then reduces the stress or even changes
the sign of the stress in the (100) material, while considerably increasing the total stress in
the case of the (111) 3C-SiC. For this reason, it is extremely difficult to grow a thick layer of
3C-SiC on the (111) Si without cracking the film or even the substrate during the ramping
down of the temperature in the reactor.

In the CHALLENGE project, we used two different approaches to try to solve this
problem. The first approach has been described in Section 3.2. In fact, using the pillars’
structures, it is possible to considerably reduce the thermal stress with the deflections of
the pillars on the edge of different patches (see Figure 7). In this way, it was possible to
obtain thick (111) 3C-SiC layers’” wafers with a low bow.

The other approach that we used in this project will be described later in
Section 3.15. In this approach, after a thick growth (60-90 pm), the silicon substrate
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was melted inside the reaction chamber and then removed one of the sources of the thermal
stress.

Obviously, this process does not remove the intrinsic stress due to the defects at the
3C-5iC/6Si interface. Using the SiGe buffer layer approach described in Section 3.3, it is pos-
sible to decrease the intrinsic stress but further experiments should be done to completely
remove this component.

3.14. Bulk Growth on Hexagonal SiC

As demonstrated [21,22], during the initial stages of the growth, a facet with an on-
axis surface is formed at the edge of the grown layer. At specific growth conditions, this
facet becomes a preferential 3C-5iC nucleation site. Once 3C-5SiC is formed on the facet, it
laterally enlarges by covering the entire surface. The lateral enlargement of 3C-SiC from
the edge towards the center on the SiC (0001) surface is proportional to ~ tan «, where
« is the off-cut angle of the substrate. Therefore, by increasing the off-orientation of the
substrate, the total layer thickness needed to cover the entire substrate surface, with the
3C-SiC enlarging from the edge of the sample, also increases. Based on our estimations,
to cover a 1-inch 4 degrees off-oriented hexagonal SiC (0001) substrate with 3C-SiC, the
layer thickness should be about 4-5 mm. Such a thickness complicates the growth process.
Therefore, as a compromise, a hexagonal substrate with a 0.8 degrees off-cut was used
to explore the growth on a larger substrate area. As seen on the left side in Figure 18a, a
full surface coverage with the 3C-SiC on hexagonal substrates with the size 15 x 15 mm?
was obtained. However, when the same growth conditions (T = 1900 °C, average growth
rate of ~0.3 mm/h) were applied to the growth on 1-inch substrates, an instability of the
3C-SiC polytype was observed. This was attributed to the dimensional limitations of the
graphite container, which does not allow for the obtaining of the uniform supersaturation
of SiC vapor species over the entire surface of the substrate. Therefore, a new hot zone
for the growth of 3C-5iC on 2-inch substrates was designed and the immediate advantage
of it in controlling the stability of 3C-S5iC was observed. However, by growing thicker
layers on (0001)/Si-face substrates, it was observed that the DPBs tended to branch out into
larger structural defects, which deteriorates the quality of the 3C-SiC crystal. To compare
the formation of DPBs, the growth of 3C-SiC on the (000-1)/C-face was investigated.
It was observed that there was an obvious difference in the DPBs” appearance in the 3C-
SiC grown on the (000-1) /C-face. As shown in the scanning electron microscope (SEM)
images in Figure 18a, the majority of DPBs on the (000-1)/C-face maintain a line-like
propagation path. This means that their propagation is less damaging to the 3C-5iC crystal
compared to the ones on the Si-face. In addition, an interesting phenomenon indicating
different step dynamics in 3C-SiC layers grown on the Si and C-faces has been observed.
Surfaces analysis by atomic force microscope demonstrated that the step-height in both
cases is very similar and mostly varies between 0.25 and 0.8 nm, while the terrace width is
almost three times larger on the Si-face and varies in a range of ~130-150 nm. The crystalline
quality of 3C-SiC layers grown on the Si and C-face on substrates with the same off-cut
angle of 0.8 degrees is similar and the full-width at the half-maximum of the XRD w
rocking curve using a footprint of 5 x 5 mm? varies between 200 and 300 arcsec. However,
3C-SiC layers grown on the C-face of a hexagonal substrate with the off-cut angle of 1.5
degrees contain areas with w rocking curve values of 93 arcsec. This indicates that using
hexagonal SiC substrates with even higher off-cut angles could be the right direction for
further research, even though the growth on such substrates will require growing much
thicker layers to obtain a full coverage with 3C-SiC. Therefore, a comparative study of
the 3C-5iC(111) grown on the (0001)/Si-face and (000-1)/C-face on 4 degrees off-oriented
4H-SiC research size (7 x 7 mm?) substrates was conducted [68]. Even though the 3C-5iC
polytype is more stable on the (0001)/Si-face, it was shown that smoother surfaces of
3C-SiC could be obtained on the C-face. In addition, the transition layer, which is a mixture
of various polytypes, between the hexagonal SiC substrate and the 3C-5SiC is significantly
thinner on the (000-1)/C-face, leading to a direct polytype conversion mechanism.
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Figure 18. (a) 3C-SiC growth on hexagonal SiC substrates using enhanced sublimation epitaxy.
(b) Polarized light optical micrographs of 2.5 mm-thick 3C-SiC layers grown on 2-inch 4.0, 1.5, and 0.9
degrees off-oriented SiC (000-1) substrates. All samples were grown at 1950 °C in vacuum (5 x 10 mbar).

Based on the promising results on the growth of 3C-SiC on the (000-1)/C-face of 4
degrees off-oriented 4H-SiC research size (7 x 7 mm?) substrates, a series of experiments
were done on a 2-inch area. An example of a 2.5 mm-thick 3C-SiC layer grown on a 4
degrees off-oriented substrate is shown in Figure 18b (picture on the left). The 3C-5iC layer
grown on 4 degrees off-oriented substrates still contains double-positioning boundaries
that deteriorate the crystalline quality. Despite that, when compared to 2.5 mm-thick 3C-
SiC layers grown on substrates with lower off-orientations, the crystalline quality is higher.
This was confirmed by the FWHM of HRXRD w rocking curves, which were measured on
three different areas on each layer using a footprint of 2 x 10 mm?. The average FWHM
values of 3C-SiC layers grown on 4.0, 1.5, and 0.9 degrees off-oriented SiC substrates were
150, 310, and 325 arcseconds, respectively. This indicates that even larger off-orientations
could be a potential route for the further improvement of 3C-SiC crystalline quality.

In addition to DPBs, which are dominant defects in 3C-SiC grown on hexagonal SiC
substrates, dot-like and arrow-like defects are observed (Figure 19a). These defects usually
occur in samples that are thick (>1 mm) and grown by interrupted growth (growth stopped
to change polycrystalline SiC plate/source). After selective etching using molten KOH,
the dot-like defects appear as triangular etch pits (Figure 19b), which are characteristic
features of threading screw dislocations on the (111) crystal surfaces. The selective etching
of arrow-like defects revealed elongated groves as shown in the SEM micrograph in
Figure 19d. In addition, after KOH etching, the surface around the elongated grooves
possessed imprints of stacking faults propagating along (111) planes, which appeared as
line-like features rotated to each other by 60 degrees. Based on cross-sectional analysis
by optical microscope, the dot-like features on the surface corresponded to the threading
defects with a cylindrical path that did not widen while the crystal grew (Figure 19¢c). They
originate in the grown 3C-SiC layer, transition layer, or can be tracked down all the way
to the substrate. In the latter case, they can be observed as a continuation of micro-pipes
propagating in the substrate material. The arrow-like defects can originate anywhere in the
3C-SiC layer but the most common origin is at the interface between 3C-SiC layers grown
by repeated growth runs as shown in Figure 19e. This indicates that thick (>1 mm) 3C-5iC
layers should be grown in a single growth run. Otherwise, disturbances in the growth
during the cooling down and temperature ramp-up processes may cause the formation
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of such defects. Moreover, as the thickness of the 3C-SiC layer increases, the arrow-like
defects tend to branch out and significantly deteriorate the crystal quality. The formation
of such defects can be tackled by using thicker source-material, which would allow for
growing thick layers without any interruption.
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Figure 19. Top view SEM image after KOH etching of (a) threading dislocation and (d) arrow-like

111> 25 um

defects. Optical micrograph (cross-sectional view) of (b) threading dislocations and (e) arrow-like
defects. (c) SEM image of the surface appearance of defects.

Even though the defect density in the 3C-SiC grown on hexagonal SiC over the 2-inch
area is too high for the industrial processing of transistors, it could be used to explore
hydrogen generation using solar-driven water splitting [69] or the growth of a large-area
monolayer and multilayer graphene [70,71].

3.15. Close-Space PVT Growth of Bulk 3C-SiC on 3C-SiC-on-Si CVD Seeding Layers

Figure 20 gives an overview of the development of the diameter of grown crystals
during the project. Starting with a diameter of 0.5 inches at the beginning of the project, the
first big milestone was reached in 2018 with the reproducible growth of 2-inch crystals with
thicknesses of up to 870 um. This marked the first time that bulk material, with relevant
sizes, was grown regularly using a sublimation method [26]. Such a material could be used
as a seed for subsequent growth in other processes such as M-PVT or CF-PVT. With the
transfer process described in Section 2, crack-free crystals could only be obtained for up to
2 inches. For larger diameters, cracking of the thin epitaxial layer poses a problem during
the preparation of the seeding stack. Nevertheless, the first growth runs on 4-inch materials
were performed at the beginning of 2019. Additional improvements of the transfer process
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were necessary to optimize the results for the large sample size. Although the cracking
problem could not be solved at this point, first-cracked but non-broken samples with a
thickness of approximately 1 mm could be produced by the end of 2020, consisting of
one coherent piece of crystal. Measurements of the XRD rocking curve of the full-width
at half-maximum (FWHM) of the (002) reflex resulted in values of 138 and 140 arcsec for
2-inch and 4-inch materials, respectively, confirming that there is no decline in material
quality for large diameters.
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Figure 20. Evolution of diameters for bulk 3C-SiC crystals grown by sublimation growth. The timeline
is indicated.

There are two main reasons for cracking during the manufacturing of seeding stacks.
The first one is associated with the used starting material grown by CVD. Caused by a lattice
mismatch between silicon and 3C-SiC of approximately 20%, a wafer bow occurs during
the heteroepitaxial growth [11]. The bow and the accompanying stress in the material will
increase the probability of cracking the thin 3C layers during handling. This problem will
be even bigger with increasing diameters. The second issue occurs during the etching
process. During this step, NOy species will be created [36]. As the silicon removal starts
at the edges and moves towards the center of the samples, the created NOy species will
accumulate in the middle of the sample, leading to the buoyancy of the thin remaining 3C
layer. This mechanical stress will lead to cracks. For diameters up to 2 inches, this problem
can be neglected but will be present for larger samples. One solution to prevent the uplift
concerned the change from a horizontal to a near-vertical etching setup, reducing the effect
of sample bending and therefore reducing the cracking probability. Nevertheless, micro
defects induced at the edges during the laser ablation process, as well as the wafer bow,
still lead to the cracking of the seeding layers.

Due to ongoing research, a new form of seeding material became available. As
described by Anzalone et al. [64], the production of freestanding 3C-SiC wafers grown
homoepitaxially by CVD at elevated temperatures is possible. The availability of such
seeding materials, up to a thickness of approximately 200 pm, offers new possibilities for the
continuing growth using CS-PVT. Compared to the thin epitaxial seeds, no transfer process
is necessary for such materials. In addition, the material grown by homoepitaxial CVD
still has some setbacks concerning the wafer bow and remaining protrusion defects, and
first-successful sublimation growth runs on such seeds were carried out. These experiments
have proven its suitability as a seed for CS-PVT and therefore represent a promising starting
point for the bulk growth of cubic silicon carbide.

Despite the appearance of different defects on the surface, all samples depicted in
Figure 20 have a bright yellow appearance typical for the cubic polytype. The results of
X-ray diffraction (XRD) and Raman spectroscopy confirm the growth of 3C-5iC. The small
black dots visible are associated with protrusion defects that were already present in the
CVD seeding layers. These defects increase in size with the increasing layer thickness
during the growth process. The darker areas at the edges of the samples were caused by
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both an overflow of the carbon glue during the merging step and an insufficient cleaning
step afterward.

Besides the clearly visible defects, the material quality of the sublimation-grown
crystal is quite high. Raman spectrometry is commonly used for the analysis of ma-
terial quality as it provides a fast and non-destructive method for the evaluation of
material quality. The transversal optical (TO) mode should be forbidden for defection-
free (100)-oriented on-axis-grown cubic silicon carbide. However, if it is visible, it can
be used to determine the stress inside the material, depending on the position of the
peak [72,73]. For stress-free materials, the wavenumber of the peak is located at approxi-
mately 797.61 cm ™! [74]. An increased value is linked to comprehensive stress, whereas a
lower value can be related to tensile stress. In [26], the wavenumbers for different types of
cubic silicon carbide materials were presented. It could be shown that the layers grown
by CVD were tensile-stressed, caused by the lattice mismatch between silicon and 3C-5iC
both for on-axis as well as off-axis materials. The value for the crystals grown by the
sublimation method, with CVD materials as seeds, displayed similar stress levels. After
the sublimation growth, the crystals were usually oxidized at 800 °C to remove the carbon
glue and separate the samples from the polycrystalline SiC-carrier. After this treatment, the
measured values for the TO mode were near the stress-free value of 797.61 cm™! as reported
in the literature, indicating a quasi-stress-free material. In addition, XRD 20-w scans were
performed. For a stress-free cubic silicon carbide crystal, the in and out-of-plane lattice
constant should be the same based on the cubic lattice. As stress will distort the lattice, a
variation of the lattice planes will occur. The data obtained from the measurement confirm
the assumption of the stress-free material after the sublimation growth and removal of the
carrier. The results can be found in [33].

Typical defects occurring in (100)-orientated 3C-SiC are stacking faults (SF), anti-phase
boundaries (APB), and protrusions. To evaluate the evolution of SFs during CSPVT, KOH
etching was performed. Depicted in Figure 21 is the SF density for hetero-epitaxially grown
CVD material as well as the values for sublimation-grown samples with regard to their
thickness. Starting from CVD seeding materials, a defect-rich transition layer will form
between the seed and the sublimation-grown material, increasing the SF density. As the
CS-PVT growth will continue, this density will decrease with the increasing layer thickness.
The density saturates at a level lower than the compared CVD material if the layer thickness
reaches a thickness of approximately 200 um [75].
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Figure 21. Stacking fault (SF) density of KOH-etched 3C-SiC samples with regard to grown layer
thickness using CS-PVT. After an initial rise of SF density due to the defect-rich transition area
between CVD and CS, the SF density will decrease with increasing 3C-SiC thickness and even with
a value below the value of the used CVD seed. The SF density of the HOYA sample grown by
switch-back-epitaxy is presented as a comparison. Adapted from [75].
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The characterization of the material using Raman, XRD, and KOH-etching for the
evaluation of the SF density shows an improvement in the material quality for CS-PVT
compared to the seeding material grown by heteroepitaxial CVD. However, the most
important value regarding the real bulk growth is the thickness of the grown crystals.
The limitations of the achievable thickness to this point are strongly connected to the type
of defect in the material. Protrusion defects were already present in the seeding layers and
have their origin in the carbonization step during CVD growth. These three-dimensional
defects tended to increase with increasing layer thickness as observed by Zimbone et al. [67]
during subsequent CVD growth. In starting with such materials as a seed, a similar trend
could be observed for CS-PVT [75]. Optical images of the “as grown” surface for a set
of growth runs are depicted in Figure 22. It is clearly visible that the size of protrusions
increased with the increasing layer thicknesses. At least for the investigated parameter
range, this trend can be described as linear. Consequently, for even large thicknesses (d > 1
mm), the surface became more and more dominated by these defects. For bulk, growth
runs with a thickness of approximately 3 mm, with a rough surface completely covered
with protrusions, was observed (Figure 22b). In addition to the ragging of the surface,
polytype switches towards 6H-SiC can be observed in the crosscut depicted in Figure 22¢
and can be found near or on top of protrusion defects. The edges of the defects are formed
by stacking faults in the (111) planes. As these planes were equivalent to the (0001) faces in
the hexagonal system, the probability for the nucleation of 6H-SiC could increase at these
sides. Additionally, the growth of 6H-SiC on top of protrusion defects seems to confirm the
loss of nucleation information for the continuing growth of the cubic polytype.
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Figure 22. (a) Size of protrusion defects for bulk 3C-SiC layers with different 3C-SiC thickness.
(b) Edge length of protrusions plotted versus 3C-SiC thickness. Additionally, the surface of an
approximately 2.7 mm-thick grown crystal with a diameter of 25 mm is visible. The crystal is
completely dominated with protrusion defects, leading to a ragged surface. (c) Cross-cut of a
3.4 mm-thick crystal revealing polytype switches as well as the inner parts of the protrusion defect.
Areas between and underneath the protrusions show high quality material grown by CS-PVT.

The reduction of protrusion density in the CVD seeding layers is an important task
towards the real bulk growth using sublimation growth, especially as the material grown
by CS-PVT shows a very high quality in the areas in which no protrusion defect is present.
Therefore, efforts were made to reduce the protrusion density during the sublimation
growth. One approach features the growth on the original transition layer from the CVD
growth between the silicon and the cubic silicon carbide. Schuh et al. [76] showed that
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a slight reduction of the protrusion density could be observed using this transition layer
as a starting point for the sublimation growth instead of the original CVD growth front.
During regular CS-PVT, a partial overgrowth of protrusion defects could also be observed,
as depicted in [77]. This effect could be observed for growth runs on on-axis seeding
material as well as for 4° off-orientated-grown seeds. So far, the mechanism behind this
overgrowth is not completely understood. It seems that this effect is more pronounced for
off-axis-grown samples compared to on-axis grown samples.

3.16. Simulation of PVT Bulk Growth

To determine the growth conditions present inside the growth cell during the sublima-
tion growth of 3C-SiC, numerical modeling of the temperature field and mass transport-
related phenomena were performed. The basic aim was to first identify the growth condi-
tions existing in the 50 mm apparatus and then to use such data to ensure stable growth
conditions to enlarge wafer sizes of 100 mm and greater. The study examined the effect
of the appropriate SiC characteristics and the various carbon materials serving as process
values in the computational modeling for both the temperature profile and the associ-
ated mass transport. In order to implement the thermal field and mass transport effects,
computer simulation was performed through COMSOL Multiphysics. The appropriate
selection of the physical parameters related to graphite-based components, as well as for
the carbon isolation characteristics over 2000 °C, appeared to not be an easy task. The main
issue concerns the ambiguity, if not a complete absence of reliable data, on the temperature
behavior of electrical and thermal conductivity at the growth thermal conditions.

Nonetheless, numerical modeling allows for not only the calculation of the small
growth cell but also the simulation of the whole growth reactor. Besides the calculation
of temperature fields, mass transport, and supersaturation, simulation with COMSOL
Multiphysics provided insight into the behavior of magnetic fields as well as into the
formation of hot zones.

Worthy to note, despite the fact that there is no unambiguous data on the behavior
of thermal conductivity at higher temperatures for graphite crucibles and insulating com-
ponents, it is possible to assert using calculations and experimental calibrations that the
thermal gradient in the gas phase has no effect, unless for the second order of approxi-
mation. As a consequence, it is expected that calculating, for example, supersaturation
in front of the growth interface would offer accurate findings useful for the design and
optimization of growth cells.

The supersaturation of the SiC; gas species plays an important role, influencing the
growth-limiting parameter at the seed-growth front. This supersaturation can be calculated
using the partial pressure of the gas species at the seed and source. Different approaches for
the calculation of the supersaturation can be found in literature, for example, by Lilov [78]
or Avrov [79]. Each experiment is similar in that for the calculations, the knowledge of
the actual temperatures during the growth process is required. A comparison between the
simulation data and the measured temperatures for the 50 mm-CS-PVT growth setup at
different heating powers, showing a good agreement, is depicted in Figure 23a. A similar
trend could be observed for the 100 mm-growth cell. Additionally, an example of the
temperature field present in the growth setup can be seen in Figure 23b.
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Figure 23. (a) Comparisons between simulations using COMSOL Multiphysics and the measured
temperatures at the crucible top during growth runs for different heating powers in the 50 mm-
CS-PVT setup. (b) Typical temperature field for CS-PVT. Some isotherms are indicated with the
corresponding temperatures.

Using the temperatures obtained at the seed and source from the simulations, the su-
persaturations present during the sublimation growth can be calculated using the equation
mentioned by Rankl et al. [80]. They found that for the heteroepitaxial growth of 3C-5iC
on (0001)-oriented 6H—SiC, a supersaturation as high as s = 0.4 is necessary to achieve a
high yield. Based on the development regarding the carbon materials databases, this value
was revised to s = 0.24 [32]. In the case of homoepitaxial sublimation growth on seeds
already containing the cubic polytype, a supersaturation higher than s = 0.1 was found to
be suitable to ensure stable growth. It was also found that for this purpose, a source to seed
a distance of 1 mm or smaller is necessary depending on the growth temperature as the
supersaturation will decrease with the increasing spacing [31].

A global model for the evaluation of the processes’ results in terms of the material
growth rate can be obtained from the estimates of the mass transfer rate from the seed to the
substrate once the temperature field is evaluated by the chamber simulation, as discussed
in the previous section. Assuming that ballistic transport conditions occur for the Si-C
molecules, which sublimate at different rates at the two interfaces, approximate estimates
of the growth rate for the 3C-SiC in the different positions of the growing substrate (in
a fully symmetric configuration) can be obtained from the balance between the atomic
species’ effective deposition fluxes (jgep), derived from the sources and ruled by the source
temperature, and the evaporation flux (jey), ruled by the substrate local temperature.
Due to the composition of the SiC vapor pressure, Si-rich conditions are usually assumed
(see Avrov et al. [78]) and the growth rate can be estimated by:

_ Psic (. .
Gr = Msic (]dep ]ev)G” (1)

using the atomic carbon effective flux only. In Equation (1), psic is the SiC density and
Msic is the SiC molar mass. The expression for jg,, and je, are given by

jdep = jdep(c) = jdep(Sizc) + 2jdep(SiC2)
2
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where Tsyyrce and Ty, are the source and the substrate temperatures; Mg;,c and Mg;c,
are the molar masses of the Si;C and SiC, molecules in the vapor phase; and A, and By
are the experimental parameters that rule the partial pressures of the X species in the
vapor mixtures at the thermodynamic equilibrium with the solid counterpart. Different
calibrations for the partial pressures-related parameters can be found in the literature
and by using the one in Reference [78], a quantitative estimation of the growth rate in
accordance with the experimental results can be obtained.

3.17. Bulk Growth by CVD

To obtain a 3C-5iC bulk material of up to 6 inches (or 8 inch in the future), a new
epitaxial reactor chamber was designed and tested in several experiments. The major idea
was to hetero-epitaxially grow on silicon a 3C-SiC layer and use it as seeds, melt the silicon
substrate, and again start the growth at very high temperatures. Thereby, we grew a bulk
substrate of 3C-SiC with a low density of SFs and low wafer bow. Most importantly, the
bow can be strongly decreased since by removing silicon, the stress due to the different
thermal expansion coefficients between the two materials is removed. The silicon melting
provides an increase in the growth temperature and in the growth rate. In this way, thicker
wafers and better crystal quality of the material can be achieved. For a better understanding
of how to melt the silicon substrate, how to drain it, how to etch the remaining silicon, and
how to grow the homoepitaxial layer on the 3C-5iC substrate obtained after the silicon
melting, many experiments have been performed. In Figure 24 (left), a scheme of the entire
process is reported. The first two steps are the standard ones (well-reported and described
in the literature).
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Figure 24. Schematic of the new process for CVD bulk growth (left). 3C-SiC wafers with the
dimensions of 100 mm and 150 mm grown with the new process (right, adapted from Reference [64]).

After the melting, the SiC layer was used as a seed layer for subsequent homoepi-
taxial growth. [64] In this way, growing both 100 mm and 150 mm wafers as reported in
Figure 24 (right) was possible.

The effect of temperature on the homo-epitaxial process was observed by X-ray
diffraction analysis (Figure 25). The full-width of the half-maximum on the X-ray rocking
curve of the 3C-5iC (002) peak was correlated to the crystal structure and defect density
(lower FWHM value means better crystal quality). The figure shows the FWHM as a
function of the film thickness for several samples. The samples reported in the graph
were grown in different conditions (all the samples at a low value of thickness derive from
previous experiments [6]). An increase in the film thickness has the effect of the quality
of the material increasing [81]. The initial part of the curve (from 0 to about 20 pm of
thickness) shows the 3C-SiC sample’s growth with the Si substrate. For such samples, the
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crystal quality was limited by the presence of the silicon substrate that, starting from about
20 microns of thickness, led to cracks and extended defects. These defects are generated
during the cooling down process after the growth [6]. The three points between 60 um and
90 pm are the 3C-SiC samples for which the silicon substrate was melted (Si fusion) and
showed good crystal quality (around 200 arcsec), similar to the old 2 inch-3C-SiC wafer
provided by the Hoya corporation (dotted line). These wafers were used as a template for
the homoepitaxial process. The stared points (three at 200 micron) are the samples growth
by using the new melting process explained in the current manuscript. They were grown
at three different temperatures (1600 °C, 1640 °C, and 1700 °C). The sample grown at
1600 °C is appreciably better than the other two [64]. The FWHM value at around 100
arcsec is very promising also compared with a thicker sample (about 400 micron) grown at
a high temperature by sublimation epitaxy (PVT reactor) [31].
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Figure 25. FWHM of the 3C-SiC (002) peak vs. the grown thickness. The decrease of the FWHM at
high 3C-SiC thickness can be observed. The low temperature growth shows a much better quality of
the material (see Reference [64]).

4. Conclusions

In the CHALLENGE project, two main different approaches were used to grow 3C-SiC.
From one hand, several compliance substrates (pillars, SiGe buffer layer, ISP, etc.) were
used to reduce both defects and stress. On the other hand, new bulk growth techniques
(PVT or CVD) have been developed to improve the quality of this material. During this
work, a new understanding of the defects in this material (protrusions, APBs, SFs, and
point defects), their interactions, and the effect of the growth process on their formation
and reduction have been obtained. This new understanding has been also helped by the
simulation codes developed inside the project (KMCsL, MD, phase field, etc.) and by new
characterization techniques (C-AFM).

From this large study on the growth of 3C-SiC, several conclusions can be reported:

e  The use of the SiGe buffer layer is interesting and in some cases, some good quality
samples can be obtained. The main limitation is that a low-temperature growth should
be used and the Ge segregation at the 3C-SiC/Si interface can produce the formation
of polycrystalline regions. The process window is narrow and thus this process can be
difficult to use in a production line.
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e  The ISP substrate produces a fast decrease of the SFs’ density, as reported in the
previous papers, but at the same time produces the formation of APBs that can be
detrimental for the leakage current of the devices, as observed by C-AFM measure-
ments. To decrease the APBs concentration, a very high thickness can be grown or
new ISP structures should be realized.

e  The pillar substrates have demonstrated to be extremely interesting in reducing the
stress and bow of the wafer, especially for (111) substrates. On this kind of substrate,
even 25-30 um of the 3C-SiC layer could be grown without cracks and with a low bow.
The main problem of this process is that the 3D growth of 3C-5iC is not easy to control
and thick layers are needed to obtain a continuous substrate. This kind of technology
can be interesting in the future when a good 3C-5iC (111) layer should be realized.

e  During the last years, we developed a carbonization process that decreases the voids
almost to zero at the 3C-SiC/Si interface with a considerable improvement of the
material quality and a decrease of the stress. Even the growth during the temperature
ramp (buffer layer) between the carbonization and growth steps has a large effect on
the stress.

e The main part of the investigation of the last years has been on the study of the
evolution of SFs and APBs, as well as their interactions. The different types of SFs
(SF<1>, SF<2>, SF<3>), their generation and annihilation, and the influence of the PD
on these processes have been observed and studied in great detail. Another aspect
that has been studied in detail is the interaction between the APBs and SFs. In fact,
APBs can both generate or annihilate SFs and all these processes have been studied
both experimentally and by simulations.

e It has been observed that due to this equilibrium between the generation and recom-
bination of SFs, very thick layers are needed to obtain a low value of SFs that can
provide the opportunity to realize a good device on 3C-SiC. The growth conditions
(growth temperature, growth rate, and doping) can influence this equilibrium between
generation and annihilation. It seems also that the different types of SFs have different
behaviors during the growth but more investigations on this aspect are needed.

e  From these studies, it has been understood that the bulk growth of 3C-5iC is needed
to obtain a low value of defects compatible with the realization of power devices. We
have developed different kinds of growth techniques (CVD and PVT) to realize bulk
wafers with dimensions compatible with the actual standards (100 and 150 mm) but
the main problem is related to the formation of the protrusions in the first instant of
the growth. This 3D defect can grow and cover the entire surface of the ingot, thus a
new process that can eliminate the formation of these defects is needed to obtain a
3C-SiC wafer for the realization of power devices.

e Another aspect of the 3C-SiC bulk growth that needs further investigation is the
intrinsic stress of this material. In fact, the high level of stress and bow of the wafers
are a problem for the further processing of the 3C-SiC wafers.

Further work should be done to obtain a good material for power devices, but the
work performed during this project is a fundamental step for developing new materials for
power devices.
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Abstract: This work provides a comprehensive investigation of nitrogen and aluminum doping and
its consequences for the physical properties of 3C-SiC. Free-standing 3C-SiC heteroepitaxial layers,
intentionally doped with nitrogen or aluminum, were grown on Si (100) substrate with different 4°
off-axis in a horizontal hot-wall chemical vapor deposition (CVD) reactor. The Si substrate was melted
inside the CVD chamber, followed by the growth process. Micro-Raman, photoluminescence (PL) and
stacking fault evaluation through molten KOH etching were performed on different doped samples.
Then, the role of the doping and of the cut angle on the quality, density and length distribution of
the stacking faults was studied, in order to estimate the influence of N and Al incorporation on the
morphological and optical properties of the material. In particular, for both types of doping, it was
observed that as the dopant concentration increased, the average length of the stacking faults (SFs)
increased and their density decreased.

Keywords: 3C-SiC; stacking faults; doping; KOH etching

1. Introduction

Silicon carbide is a wide-bandgap semiconductor that shows high mechanical strength,
chemical inertness and thermal conductivity. In particular, 3C-SiC is competitive among the
SiC polytypes as it is characterized by high mobility and lower density of states at the 3C-
SiC/Si0; interface with respect to 4H and 6H-SiC. These properties, arising from the higher
symmetry related to lower phonon scattering and lower bandgap (2.5 eV), make 3C-SiC
ideal for applications in the field of power electronics [1,2] as they lead to many advantages
in metal oxide semiconductor (MOS) devices as well as microelectromechanical systems
(MEMS) in harsh environments [3]. Indeed, higher channel mobility and high carrier
mobility imply low on-state resistance (Ron) for medium-voltage applications working
under 1200 V, consequently lowering power dissipation in forward bias [1]. Compared
to 4H and 6H hexagonal SiC, 3C-5iC films have the advantage that they can be hetero-
epitaxially grown through low-temperature CVD as 3C-5iC is the most thermodynamically
stable polytype. Growing a high-quality 3C-SiC epilayer on a large-area substrate would
be a significant technical and scientific advancement. As a result of these features, silicon is
regarded as the most intriguing substrate and crystal seed for thin epitaxial films and /or
following bulk 3C-SiC growth [4]. Current technology involves the use of hetero-epitaxial
growth on silicon, which inherently entails a 20% lattice parameter mismatch between Si
and SiC and contributes to the generation of compressive intrinsic stress, whereas 8% at
different degrees of thermal expansion provides a tensile contribution during the cooling
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period from the growth temperature to room temperature (RT). Such mismatches give
rise to misfit dislocations and stacking faults (SFs) growing along the (111) planes of the
face-centered cubic (FCC) lattice. Such defectiveness hinders the realization of devices
and constitutes considerable leakage sources not compatible with the development of very
large-scale integration (VLSI) technology [5].

Both nitrogen (N;) and ammonia (NH3) have been successfully employed as dopant
precursors for the n-doping of SiC at temperatures above 1000 °C [6-8]. However, nowa-
days, N is the principal n-type dopant in all SiC polytypes [9]. Highly p-doped 3C-SiC is
interesting for emitters in p—n-junction-based devices, because such emitters will have low
resistance and can produce a high concentration of injected holes in the base region [10].
Aluminum is a preferred acceptor in SiC due to its lower activation energy (0.24 eV) com-
pared to other acceptors (0.7 eV for B and 0.33 eV for Ga) [11]. Zielinski et al. observed
that nitrogen and aluminum atoms are incorporated, respectively, on carbon and silicon
sites [12].

The dopant incorporation into the SiC lattice is known to affect the crystallinity,
morphology and mechanical properties of the films [13,14]. Crystallinity is very important
when applying doped 3C-SiC in electronic devices because the crystal defects directly
influence their leakage current and breakdown voltage.

Although 3C-5iC material for semiconductor applications has been investigated for
30 years, the problem of defect formation at the 3C-5iC/Si contact is still far from being
solved. Stacking faults (SFs), partial dislocations (PDs) and anti-phase boundaries (APB) or
inverted domain boundaries (IDB) are the most important defects [15]. In particular, IDBs
are the main defects responsible for the electrical failure of 3C-5iC/Si-based devices [16,17].
Instead, SFs can be considered highly conducting 2D defects, in the energy range where
also the bulk material is conductive. Indeed, under forward polarization, SFs were demon-
strated to operate as preferred current pathways, causing a decrease in turn-on voltage [17].
In 1987, Shibahara et al. [18] observed the beneficial effect of the growth of 3C-SiC on an
off-axis Si substrate with an off-axis angle from 2° to 5°. In particular, off-axis Si substrates
exhibit significant improvements in the anti-phase disorder compared to on-axis ones.
Moreover, off-axis growth promotes SF surface propagation lying along the (111) plane,
while (—1-11) SFs opposite to the growth step are forbidden.

In this work, we present a comprehensive study of the effects of n-type and p-type
doping on hetero-epitaxial 3C growth on different 4° off-axis silicon substrates (100).
Micro-Raman, photoluminescence (PL) and stacking fault evaluation through molten KOH
etching were performed on different doped samples in order to estimate the influence of
N and Al incorporation on the morphological and optical properties of the material. The
concentrations investigated in this work, 1018 at/cm?® and 102 at/cm3 for aluminum and
nitrogen, respectively, are compatible with the concentrations necessary for the develop-
ment of electronic devices on 3C-5iC. In particular, for vertical metal-oxide-semiconductor
field-effect transistor (MOSFET) devices, the substrate should have a concentration of ap-
proximately 1019 at/cm3 to decrease as much as possible the Ry, of the device. Instead, for
insulated gate bipolar transistors (IGBTs), the p-collector has a doping of 10'® at/cm? [19].
Today, IGBT production is particularly expensive due to the inability to grow 4H-5iC
p-doped wafers, while in the case of 3C-SiC bulk grown by CVD, it is possible to grow
such types of wafers.

2. Materials and Methods

In this study, 3C-SiC growth was performed in a horizontal hot-wall chemical vapor
deposition (CVD) reactor (ACIS M10 supplied by LPE, Catania, Italy) using (100)-oriented
Si substrates. The reaction system used was tri-chloro-silane (TCS), ethylene (C;Hy) and
hydrogen (H;) as the silicon precursor, carbon precursor and gas carrier, respectively.
After the growth of a 75 um thick layer, at a temperature of 1400 °C and pressure of 100
mbar, the temperature was increased to 1650 °C and the silicon substrate was completely
melted inside the CVD chamber, resulting in free-standing samples. For more details, see
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the references [20,21]. In particular, two different sets of samples were grown: 3C-SiC
on Si (100) 4° off-axis along the [110], adding constant nitrogen flux, with a value of 0
(intrinsic), 300, 800 and 1600 sccm; 3C-SiC on Si (100) 4° off-axis along the [100], adding
constant trimethylaluminum (TMA) flux, with a value of 0, 1, 2 and 4 sccm. The round
brackets “()” indicate a crystallographic plane; square brackets “[]” indicate a direction.
Atomic concentration values, for both types of doping, were obtained from calibration
curves acquired through secondary-ion mass spectrometry (SIMS) analysis, whose values
were determined to be: 1.2 x 101%,2.9 x 10" and 5.8 x 10! at/cm?, for nitrogen doping;
1.7 x 10! at/cm3, 3.4 x 108 at/cm? and 6.8 x 108 at/cm?3, for aluminum. In this work,
two different doping scales were used, 10'® at/cm?® and 10'° at/cm? for aluminum and
nitrogen, respectively.

Micro-Raman and micro-photoluminescence maps were acquired at room temperature
using an HR800 spectrometer integrated system Horiba Jobin Yvon (Horiba, Lille, France)
in a backscattering configuration. For both the analyses, the excitation wavelength was
supplied by a 325 nm He-Cd continuous-wave laser that was focalized on the sample by a
x40 objective, with numerical aperture (NA) of 0.5. The scattered light was dispersed by
an 1800 grooves/mm kinematic grating, for Raman analysis, and by a 300 grooves/mm
kinematic grating, for PL analysis.

The etching in potassium hydroxide (KOH) was adopted for the evaluation of SFs.
KOH etching was performed at 500 °C for 3 min. The densities were calculated based
on the observation of optical and scanning electron microscopy (SEM) images, (FE-SEM
ZeissSupra35, Carl Zeiss NTS GmbH, Oberkochen, Germany) operated at an acceleration
voltage of 5 kV. An accurate count and identification of SFs were achieved using powerful
image analysis software.

3. Results and Discussion

The Raman technique is sensitive to the average quality of the material. In particular,
taking into account the wavelength of the laser used (325 nm), the technique is more
sensitive to the surface (approximately 2-3 microns). The intensity of the transversal optical
(TO) Raman mode and its full width at half maximum (FWHM) are the two parameters
most closely related to the defectiveness of the material. Figure 1 shows the FWHM of the
TO peak vs. doping concentration for nitrogen (black squares) and aluminum (red points).
For the P-type samples, the FWHM of the TO shows a constant trend independent of the
doping concentration. The FWHM value is approximately 11 cm~!. For the N-type samples,
the FWHM of the TO decreases with increasing nitrogen concentration, reaching values
lower than those of the intrinsic sample (FWHM = 10 cm ') for a nitrogen concentration of
5.8 x 10! at/cm3 (FWHM = 7 cm~!). However, the N-type doping is a factor of 10 greater
than that of the P-type.

Figure 2 shows the room-temperature PL spectra, centered at 540 nm, acquired on the
surfaces of the N-type (left panel) and P-type (right panel) samples.

After increasing the nitrogen doping, we can observe that in the presence of N-type
samples, the intensity of the band-edge peak (centered at 540 nm) grows. In N-doped
3C-SiC, there are more electrons near the Fermi level that increase the band-to-band
transitions [22] and lead to the enhancement of the detected signals. The shoulder at
approximately 560 nm is present in both N-type and P-type samples and it is due to the
presence of levels near the conduction band introduced by nitrogen, which cannot be
completely eliminated from the chamber during the growth process.

Instead, increasing the aluminum doping, in P-type samples, the intensity of the
band-edge peak (centered at 540 nm) decreases. At the same time, a new band is visible in
the red spectral region (approximately 600 nm), which rises in intensity when increasing
the aluminum doping. In agreement with the literature [22], this band is related to the
presence of intra-gap defects, which are responsible for reducing the emission intensity of
the band-edge.
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Figure 1. FWHM of the TO peak vs. doping concentration for nitrogen (black squares) and aluminum

(red points). N-type and P-type samples were grown on Si (100) off-axis [110] and off-axis [100],
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Figure 2. PL spectra, centered at 540 nm, acquired on the surfaces of the N-type (left panel) and P-type (right panel) samples.

The presence of dopant elements not only influences the crystalline and optical prop-
erties of the material but could also influence the presence and development of SFs within
3C-SiC. Due to their high electrical activity, the concentration of SFs in the material is a
fundamental parameter. Even today, the concentration of stacking faults is not compatible
with the development of VLSI technology.

Therefore, all samples were treated by molten KOH etching to study the effect of dop-
ing concentration on the density and mean length of SFs. As an example, Figure 3 shows the
optical and SEM images of the intrinsic (Figure 3a,c) and N-type doped (5.8 x 10! at/cm?)
samples (Figure 3b,d) subjected to selective KOH etching. Here, wet etching highlights
the presence of SFs following the variation of the etching rate, which, according to the
variation of binding energy in the presence of such defects, promotes groove formation
along the extension of the extra planes [23].

In all images, the etched SFs are oriented along a preferential direction. Off-axis
growth promotes propagation up to the surface of the SFs lying along the plane (111),
while the SFs (—1—11) opposite to the growth step are forbidden. In the absence of the
annihilation mechanism, the propagation of the Si-face SFs from the 3C-5iC/Si interface
towards the surface is favored. In addition, the etching rate of the C-face SFs, lying on the
(—111) and (1—11) crystallographic planes, is uniform to the (001) plane, while the etching
rate of the Si-phase SFs is lower, displaying their distribution [24].
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Figure 3. Optical and SEM images of the intrinsic (a,c) and N-type doped (b,d) samples subjected to selective KOH etching.

For the observation of the samples attached in KOH, the optical images have proved
useful for the detection of large SFs (>1 um). For SFs smaller than 1 pm, SEM images
allowed us to obtain a detection limit of 100-150 nm.

In Figures 4 and 5, we report the distribution of the lengths of the SFs for different
N-type and P-type doping, respectively. For N-type samples (Figure 4a—d), we observe
that as the nitrogen concentration increases (from intrinsic sample to 5.8 x 1019 at/ cm3),
the length distribution of the SFs widens and flattens. Consequently, the maximum shifts
to greater lengths. For P-type samples (Figure 5a—d), we observe that as the aluminum
concentration increases (from intrinsic sample to 6.8 x 10'® at/cm?), the maximum of the
length distribution is quite constant.

The distributions of the lengths of the SFs were fitted with log-normal type curves,
which are better suited to fit the experimental values and to reduce the fit error. From the
fits, the mean values of length of the SFs were obtained for all the samples. The values are
reported in Table 1 and they are plotted in Figure 6.

We observe that by increasing the dopant concentration for P-type samples (red
points, Figure 6, left panel), the mean density values of SFs are closer to the density
of the intrinsic counterpart. Indeed, the Al-doped samples exhibit an SF concentration
ranging from 5.74 x 103 cm~! for 1.7 x 10'8 at/cm3 to 4.08 x 10% cm ™! for the sample with
6.8 x 10'® at/cm® doping. For the N-type samples (black squares, Figure 6, left panel), on
the other hand, the trend of the density of the SFs tends to move away from the intrinsic
value. In fact, if for the intrinsic sample, the average SF density is 2.05 x 10°> cm~!, by
increasing doping to 2.9 x 10! at/cm? and 5.8 x 10" at/cm?, such a value is notably
reduced by almost an order of magnitude to 4.7 x 10> cm~! and 2.4 x 10> cm~!. Ab
initio DFT calculation shows that when nitrogen is very close to the SFs, their formation
energy increases, resulting in a reduction in the density of the SFs inside the material [25].
Comparing the density of the SFs between the two intrinsic samples grown on Si (100)
4° off-axis along the [110] (dashed green line), and on Si (100) 4° off-axis along the [100]
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(dashed magenta line), two different densities were obtained: 2050 cm ! and 4920 em !,
respectively. The dependence of density of the SFs on the step evolution and surface
morphology on the shear angle was observed for 3C-S5iC samples grown on (111) Si
substrates with off-cut axes along [110] and [112] [26]. As mentioned above, off-axis growth
promotes propagation up to the surfaces of the SFs lying along the plane (111), while the
SFs (—1—11) opposite to the growth step are forbidden. However, while, for the N-type
samples, the off-axis angle is along the [110] direction and therefore favors the suppression
of the SFs along the plane (—1—11), for the P-type samples, the off-axis angle is along the
direction [100]. In this way, not all the SFs along the plane (—1—11) are suppressed. At the
same time, we observed that this cutting direction does not lead to a complete suppression
of the APBs (SEM images not reported here), which act as a source and annihilation point
for the SFs [27]. This leads to an increase in the density of the SFs that reach the surface.
Increasing the dopant concentration for the N-type samples (black squares, Figure 6,
right panel), the average length of the SFs increases, starting from a value of approximately
2 um for the intrinsic sample to 5 pm for the sample with a nitrogen concentration of
5.8 x 10'? at/cm?. Instead, by increasing the dopant concentration for the P-type samples
(red points, Figure 6, right panel), the length of the SFs remains constant, less than 1 pm. In
the presence of N-type doping, the average values are greater than the value of the intrinsic
sample grown off-axis [110] (dashed green line). The reduced density of SFs, increasing the
nitrogen concentration (Figure 6 left panel), is susceptible to a reduced mutual annihilation
mechanism. This contributes to the increase in the average size of SFs reaching the surface.
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Figure 4. Length distribution of the SFs for different N-type doping. (a) Intrinsic sample,
(b) 1.2 x 10" at/cm?, () 2.9 x 10'° at/cm? and (d) 5.8 x 10" at/cm3. For all samples, there
are a few SFs whose lengths are greater than the range reported in the X-axis range. However, all the
lengths of the SFs were considered in the calculation of the mean lengths and densities.

88



Materials 2021, 14, 4400

300 — ; - - 300 ———
e I O (b)]
250 - 250 L LogNorm Fit |
200} 1 558 |
o0
€ 1501 1 £ 150 1
Q >
© 8
100 ] 100 |
50 ] 50 |
Q0 B8 1o 13 20 25 J0 0.0 05 1.0 15 20 25 3.0
SFs Length (um) SFs length (um)
300 ——— 300 : .
c d
200 § 200 L |
(2]
€ 150 g *2 150 J
3 3
o
100 1 © 100 . l
50 4 50 H 4
b e, S 1 T Soe "

0.0 05 1.0 15 20 25 3.0 00 05 10 15 2. 25 3.0
SFs length (um) SFs length (um)

Figure 5. Length distribution of the SFs for different P-type doping. (a) Intrinsic sample,
(b) 1.7 x 10'8 at/cm3, (c) 3.4 x 10'® at/cm? and (d) 6.8 x 10'8 at/cm?3. For all samples, there are a
few SFs whose lengths are greater than the range reported in the X-axis range. However, all the
lengths of the SFs were considered in the calculation of the mean lengths and densities.

Table 1. Values of average lengths and densities for different doping concentrations.

N-Type N-Type N-Type P-Type P-Type P-Type
Concentration SFs Mean Length SFs Density Concentration SFs Mean Length SFs Density
(cm—3) (um) (cm~1) (cm—3) (um) (cm~1)
Intrinsic [110] 1.87 +1.12 2050 + 19.52 Intrinsic [100] 0.71 + 0.51 4920 + 470
1.2 x 1019 1.79 +1.38 690.67 + 11.40 1.7 x 1018 0.24 £0.15 5740 + 140
2.9 x 10 2.64 +1.97 473.78 + 8.03 34 x 108 022 +0.14 6360 £ 150
5.8 x 1017 5.24 + 2.60 244.48 + 10.73 6.8 x 108 0.37 £ 0.33 4080 + 100

In the presence of P-type doping, instead, the average values are smaller than both
values of the intrinsic samples grown off-axis (green and magenta line). As mentioned
above, for the P-type samples, the off-axis angle is along the direction [100]. In this way;,
not all the SFs along the plane (—1—11) are suppressed. This leads to an increase in the
mutual annihilation mechanism, responsible for reducing the average lengths of the SFs on
the surface.

Both values of density and mean length of the SFs depend on the direction of the
cutting angle and, in particular, on the doping concentration. It is interesting to note that the
trend of the density of the SFs, when increasing the doping concentration, is in agreement
with the trend of the crystalline quality (FWHM of the TO) reported in Figure 1. For P-
type samples, as the dopant concentration increases, a constant SF density and crystalline
quality were observed. Instead, for N-type samples, as the dopant concentration increases,
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a clear reduction in the density of SFs and a constant increase in crystalline quality were
obtained. In Figure 7, the FWHM of the TO peak vs. the 3C-SiC thickness (in cross-section)
is reported, for the intrinsic (black line) and 5.8 x 10Y%at/cm? (red line) samples. The zero
value on the X-axis corresponds to the removed interface with the silicon.
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Figure 6. Distribution of SF density (left panel) and SF mean length (right panel) vs. doping concentration. The graphs
also report the average density and average length of the intrinsic samples grown on Si (100) off-axis [110] (dashed green
line) and off-axis [100] (dashed magenta line).
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Figure 7. FWHM of the TO peak vs. 3C-SiC thickness in cross-section for intrinsic and
5.8 x 1012 at/cm?® (red line) samples. The zero value on the X-axis corresponds to the removed

interface with the silicon.

In the first 10 pm of the films, a difference in crystalline quality was observed. In
particular, lower crystalline quality was observed for the doped sample (red curve). The
red curve shows a higher average value in this area. For thicknesses between 10 and
30 pm, the crystalline qualities are constant and show the same value for both samples. For
thicknesses greater than 30 um, a divergence was observed between the two curves. In
particular, the doped sample continues to maintain the same crystalline quality, while for
the intrinsic sample, the quality tends to worsen, reaching the value reported in the in-plan
measurements (Figure 1).

The difference in thermal expansion coefficient and lattice parameters between Si
and SiC leads to the formation of dislocations at the hetero-interface and the presence of
a local strain field within the epilayer [15]. The presence of residual stress (depending
on doping concentration [21]) can drive the formation of perfect and partial dislocations
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References

(PDs) in the epilayer. Every SF is bordered by two PDs, which limit the wrong sequence
plane from the perfect 3C crystal. More investigations should be done, particularly in
cross-sections, to determine the role of doping concentration in the density, shape and
stability of PDs, because the expansion or shrinkage of SFs is driven by the energetics and
kinetics of the PDs.

The association of current doping systems alongside compliant substrate adoption,
such as inverted silicon pyramids [28] or a Si;_yGey buffer layer [29], could lead to the
further implementation of growth strategies capable of reducing the concentration of SFs
and leading to the development of efficient 3C-SiC power devices.

4. Conclusions

The 3C-SiC hetero-epitaxial layers, doped with nitrogen or aluminum, were grown in
a horizontal hot-wall chemical vapor deposition (CVD) reactor on Si (100) substrate with
different 4° off-axis. Stacking fault evaluation through molten KOH etching was performed
on different doped samples: 1.2 x 1019, 2.9 x 1019 and 5.8 x 1019 at/cm3, for nitrogen
doping; 1.7 x 1018, 3.4 x 1018 and 6.8 x 1018 at/cm3, for aluminum. Samples were grown
on Si (100) 4° off-axis along the [110] and on Si (100) 4° off-axis along the [100], for nitrogen
and aluminum, respectively.

In particular, it was observed that as the dopant concentration increases, the average
length of the SFs increases, from a value of 2 um to 5 pm, and the density decreases, for
N-type doping. Instead, for P-type doping, when increasing the doping concentration, the
mean length and density of the SFs remain constant.

Both values (density and mean length) depend on the direction of the cutting angle.
In fact, the off-axis angle along the [110] favors the suppression of the SFs along the plane
(—1-11), decreasing the density of the SFs on the surface and increasing their mean length.
Instead, for an off-axis along the [100], not all the SFs along the plane (—1—11) were
suppressed. This leads to an increase in the mutual annihilation mechanism, responsible
for reducing the average lengths of the SFs on the surface.
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Abstract: Wide bandgap (WBG) semiconductors are becoming more widely accepted for use in
power electronics due to their superior electrical energy efficiencies and improved power densities.
Although WBG cubic silicon carbide (3C-SiC) displays a modest bandgap compared to its commercial
counterparts (4H-silicon carbide and gallium nitride), this material has excellent attributes as the
WBG semiconductor of choice for low-resistance, reliable diode and MOS devices. At present the
material remains firmly in the research domain due to numerous technological impediments that
hamper its widespread adoption. The most obvious obstacle is defect-free 3C-SiC; presently, 3C-
SiC bulk and heteroepitaxial (on-silicon) display high defect densities such as stacking faults and
antiphase boundaries. Moreover, heteroepitaxy 3C-SiC-on-silicon means low temperature processing
budgets are imposed upon the system (max. temperature limited to ~1400 °C) limiting selective
doping realisation. This paper will give a brief overview of some of the scientific aspects associated
with 3C-5iC processing technology in addition to focussing on the latest state of the art results. A
particular focus will be placed upon key process steps such as Schottky and ohmic contacts, ion
implantation and MOS processing including reliability. Finally, the paper will discuss some device
prototypes (diodes and MOSFET) and draw conclusions around the prospects for 3C-SiC devices
based upon the processing technology presented.

Keywords: 3C-SiC; cubic silicon carbide; power electronics

1. Introduction

Power electronics is a key enabling technology for energy generation, transmission,
distribution and motion. The importance of this technology is emphasised by the fact
that a 40% increase in energy consumption within 20 years is expected [1]. Moreover,
80% of electrical energy will be processed by a power electronic converter by 2030 [2].
Recently, power electronic converter and device technology has been driven by the huge
demand seen within the electric vehicle (EV) sector. EV sales are set to reach 18 million
by 2023, representing 16.2% of total global vehicle sales [3]. Together, these circumstances
project the ever-increasing demand for power electronics on a global scale. In order to meet
this required capacity and while still safeguarding our environment, power converters
with near-100% energy-efficiency that are lightweight and compact need to be delivered.
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Furthermore, attention must be paid to the lifetime (or longevity) of these systems, meaning
increased reliability within the field.

Such a step-change intervention within the world of power electronics requires ad-
vancements within the fundamental semiconductor materials that serve to underpin our
energy landscape. The underpinning technologies with respect to power electronics are its
constituent high-voltage semiconductor devices. Consequently, these devices represent the
largest cost associated with the overall power converter (40% of the total bill of materials for
a typical 50 kW EV inverter). Traditionally for the last 50 years, silicon (Si) has dominated
the power electronics industry as the semiconductor material of choice. However, the
demand for increased energy-efficiency and power density together with higher voltage
and current operation mean that a new era in semiconductor materials has dawned. Wide
bandgap (WBG) semiconductor materials come with the promise to overcome the inherent
material limits imposed by Si. 4H-silicon carbide (4H-SiC) and gallium nitride (2H-GaN or
GaN) have emerged as the WBG materials of choice that have replaced Si in many power
electronic applications.

For the moment, GaN devices that are based mainly on the high electron mobility
transistor (HEMT) architecture are limited commercially to a maximum of 650 V. From
the reliability perspective, GaN HEMTs have traditionally suffered from a poor thermal
conductivity and the “current collapse” phenomenon, degrading their ability to function
within harsh environments and high reliability electronics [4]. 4H-SiC, on the other hand,
suffers from numerous reliability issues that are hampering its widespread uptake within
the automotive sector. In particular, although SiC Trench MOSFETs exhibit superior on-
state resistance compared to both GaN and silicon, the ruggedness of the gate oxide is
the limiting factor. Gonzalez et al. [5] note that the competing WBG material technologies
centre around the 650 V mark.

Early stage research devices are based on so-called ultrawide bandgap oxide materials
such as gallium oxide (Ga;O3, with 3-GayO; being the most stable). Thus far, 3-GayO3
suffers from a poor thermal conductivity, a modest bulk mobility and lack of p-type
conductivity. Other ultrawide bandgap materials, including diamond and aluminium
nitride (AIN), suffer from a lack of n-type conductivity and a poor bulk electron mobility,
respectively. It should be noted that GaN, 3-Ga,O3, and AIN are direct bandgap materials,
which severely limits bipolar operation, which is required for higher voltages [6].

This review will place the cubic SiC (3C-5iC) material into the context of power elec-
tronic devices; however, it should be noted that other application areas such as biomedical
sensors and micro-electromechanical systems (MEMS) are also appropriate and more pop-
ular for this SiC polytype. The authors will endeavour to provide a brief insight into some
of the advantages of 3C-5iC from the scientific materials perspective in addition to some
of the technological issues that must be overcome to realise competitive power MOSFETs
and diodes. In particular, the focus will be placed on fundamental semiconductor fab-
rication technologies; the 3C-5iC/SiO, metal-oxide-semiconductor (MOS) interface, ion
implantation, ohmic and Schottky contacts.

2. Cubic Silicon Carbide (3C-SiC): Structure and Material Properties for Power
Electronic Application

The cubic form of SiC, coined ‘3C-SiC’, is one of many stable polytypes characterised
by its wide bandgap and bilayer stacking sequence of ABCABC ... [7]. The resulting
structure is a pure zinc-blende exhibiting an energy band gap of 2.3-2.4 eV [8], lower
compared to other major SiC polytypes, but with a higher electron mobility and saturation
velocity owing to its higher degree of symmetry. Although 3C-5iC has a smaller energy
bandgap compared to its wide bandgap counterparts such as 4H-5iC and GaN, this material
displays isotropy for many of the desired power device material characteristics such as
avalanche coefficients and high electron mobility [9,10]. Another advantage of 3C-SiC
is its relatively large thermodynamic stability meaning that bulk material can be grown
at reduced thermal budgets (below 1500 °C). Table 1 shows the important physical and
electrical properties of 3C-5iC compared to other commercial power device materials such
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as Si, GaN and 4H-SiC. Likewise included are promising oxide and nitride ultra-WBG
materials. The 3C-SiC intrinsic carrier concentration (~10~1 cm™2) is several orders of
magnitude lower than in Si, but not as low as 4H-SiC or GaN. Moreover, 3C-5iC has a
thermal conductivity three times that of Si. Consequently, 3C-SiC devices should have
lower leakage currents with the ability to operate at moderately higher temperatures when
compared to Si and GaN. Other key aspects are the reasonable critical electric field value
resulting in a higher breakdown of the material. On analysis of these material properties,
3C-SiC is a promising semiconductor for power semiconductor devices in the region of
600-1000 V. On reflection, there exists the possibility to obtain a targeted breakdown voltage
(Vp) with thinner, more highly doped drift layers, which results in a significant reduction of
the specific on-resistance (Ron) compared to Si devices. Therefore, devices that are smaller
and more efficient can be fabricated, minimizing both the static and dynamic losses.

Table 1. Appropriate physical and electrical properties of cubic silicon carbide (3C-S5iC) compared to other wide bandgap
materials (data taken at 300 K).

Intrlr?sm . . Electron Cntlciﬂ Saturation Thermal Baliga
. Band Gap, Carrier Dielectric Jo Electric . . . .
Material Mobility . Velocity Conductivity Figure of
(eV) Conc., Constant 2 Field 7 .
_3 (cm*/Vs) (107 cm/s) (W/ecmK) Merit
(cm—3) (MV/cm)

Si 1.12 1.5 x 1010 11.8 1350 0.2 1.0 1.5 1
GaAs 1.42 1.8 x 100 13.1 8500 0.4 1.2 0.55 29
3C-SiC 2.36 1.5 x 1071 9.7 800 14 25 3.2 86

. 9 7202
4H-SiC 3.26 8.2 x 10 10 650 < 2.8 2.0 45 556
1000 2 3.752
g -10
2H-GaN 3.39 19 x 10 9.9 2000 ** 33 25 1.3 3175
2.6 x107°
Gay03 4.85 —-1.0 x 10 300 8 1.8-2.0 0.1-0.3 6171
10—22
Diamond 5.45 1.6 x 10~% 5.5 3800 10 2.7 22 8.4 x 10*
2H-AIN 6.2 10734 8.5 300 12* 1.7 2.85 1.8 x 10*

Note: ? is mobility along a-axis, ¢ is mobility along c-axis, * refers to an estimated value and ** refers to the 2DEG mobility.

The 3C-SiC Baliga figure of merit (BFOM) and BFOM for high-frequency, high-power
unipolar switches (BHFFOM) [11] are 140 and 25, respectively. These values seem very
modest compared to the equivalent values for more advanced WBG power semiconductors
such as 4H-SiC and GaN. These key performance indicators for power semiconductors
quantify the minimum conduction loss during DC operation (BFOM) and the minimum
conduction loss at high frequencies (BHFFOM). Indeed, examination of these values sug-
gests that lower resistance devices are possible based on 4H-SiC and GaN when compared
to 3C-5iC. However, this advantage must be weighed against power device reliability and
field lifetime within a converter application. In this regard, 3C-SiC is the clear winner,
benefitting from a favourable metal-oxide-semiconductor (MOS) interface when compared
to its 4H-SiC counterpart. The bandgap value (Eg) for 3C-SiC was reported by Bimberg
et al. [12] and later by Goldberg et al. [8] (see Table 1). Figure 1 shows the conduction band
offsets of the major power semiconductors with silicon dioxide (SiO,). From the figure it is
seen that the band offset (&g) between 3C-SiC and SiO; is 3.7 eV. This is significantly larger
when compared to the other power semiconductors with their values ranging between
2.7eV-32eV.

The ramifications of this important property are realised in terms of reduced gate
leakage current for a given oxide electric field. The important current transport mecha-
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nism which relates to this physical parameter is the Fowler-Nordheim (F-N) tunnelling
mechanism. The F-N tunnelling current is given by:

A Bdg3/2
= F.2 -
JEN By 0¥ exP< E,.

where E,, is the oxide electric field, ®p is the barrier height and A, B are constant values. It
can be seen that due to F-N tunnelling the oxide electric field value must be reduced by
2-3 times in 4H-SiC compared to the 3C-SiC system.

' >1>1>1
3.7 eV 3.2 eV 2-9|5ev 2.7|ev

)

Silicon
1.1 eV 6H-SIC 4H-SiC Sio,
2.85eV 3.2eV 9 eV

3C-
SiC
2.3 eV

4.7 eV
| 3.2 eV |

3 eV 3.05 eV

| v v

Figure 1. Major power semiconductors’ band structure for 3C-SiC, 4H-SiC, 6H-SiC and silicon,

illustrating band offsets with silicon dioxide (SiO).

Fardi and Van Zeghbroeck [13] developed an empirical breakdown field model based
on the breakdown voltage and field values that were obtained from published experimental
data [14,15]. This proved to be more than adequate for 3C-5iC device design, having
matched electrical breakdown characteristics to many published reports. Moreover, the
model has been utilised in commercial 2-dimensional device design suites [16-18]. Fitting
these impact ionisation coefficients to the electric field and substituting into the impact
ionisation integral leads to closed-form solutions of the breakdown voltage and depletion
layer width. These material parameters allow for the initial stages of power device design.
The closed-form solutions for the breakdown voltage and parallel-plane depletion region
width are given as:

BVpp = 7.88 x 10 Np —3/4 )

Wpp = 9.12 x 101N, 7/8 (3)

where BVpp is the breakdown voltage, Np is the doping concentration and Wpp is the
parallel-plane depletion region width. The breakdown voltage and depletion region widths
predicted by Equations (2) and (3), respectively, are shown in Figure 2.
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Figure 2. (a) Parallel plane breakdown voltage (BVpp) and (b) depletion width (Wpp) as a function of
doping (Np) for 3C-SiC.

3. Processing Technology for 3C-SiC
3.1. Schottky Contact

One of the main challenges in the processing of electronic devices based on 3C-SiC is
the achievement of good quality rectifying contacts, i.e., with almost ideal characteristics
and reasonably low leakage current. Several works investigated the properties of Schottky
contacts on n-type 3C-5iC over the last three decades. In particular, as summarized in
Table 2, most of these works have been performed on 3C-SiC layers grown on Si substrates,
using high work-function Schottky contact metals (e.g., Au or Pt). However, the experimen-
tal values of the Schottky Barrier Height (SBH), as determined by I-V or C-V measurements,
typically lie below 1 eV, i.e., which are much lower than the theoretical predictions of the
Schottky—Mott theory.

Eriksson et al. [19] demonstrated the key role of the material quality on the properties
of the metal/3C-SiC contacts, showing that double position boundaries (DPB) in 3C-
SiC layers grown onto on-axis 4H-SiC can be “killer defects” in large area devices that
compromise the functionality of the rectifying barrier [20]. In this work, a novel approach
based on Conductive Atomic Force Microscopy (C-AFM) was proposed to characterize
Schottky barriers on 3C-SiC in small area devices, establishing a direct relation between the
electrical properties of the barrier and the contact area. In particular, reducing the size of
the contact resulted in a drastic increase in the measured Au/3C-5SiC barrier height, until
reaching a value of 1.39 eV for a diode radius of 5 pm, thus demonstrating that the poor
rectifying behaviour was due to the high defects density in the material [19].

More recently, using a similar nanoscale approach on 3C-5iC layers grown on Si,
Giannazzo et al. [21] confirmed that the device yield, defined as the fraction of diodes with
a leakage current lower than 10 pA/ cm? (see Figure 3a,b) increases with decreasing the
device area. Moreover, this work better clarified the role of specific defects by direct probing
of the 3C-SiC surface by C-AFM (see Figure 3c—e). In particular, these measurements
showed that antiphase boundaries (APBs) are the main defects responsible for reverse
leakage current, while both APBs and stacking faults (SFs) worked as preferential current
paths under forward bias of the contact.
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Figure 3. (a) Schematic of the C-AFM set-up to probe Pt/3C-SiC Schottky diodes of different areas.
(b) Percentage of the diodes (yield) with a reverse leakage lower than 10 pA cm ™2, as a function of
diode area. (c) Schematic of the C-AFM set-up to probe the 3C-SiC surface and current maps acquired
under forward bias (d) and reverse bias (e). Adapted with permission from Ref. [21]. Copyright ©
2021 Wiley VCH.

Table 2. Collection of literature results on Schottky contacts on 3C-SiC materials.

3C-SiC

Growing Schottky Barrier

Metal Orientation Substrate Height (eV) Ideality Factor Extraction Method Ref.
Au 100 Si 115 N.A. c-v [22]
Au 100 Si 1.2 15 c-v [23]
Au 111, 100 Si 10-16 N.A. C-v [24]
Pt 1.3-1.8

Pt 100 Si _01'?355(?850%?()?) N.A. Ccv [25]
Pd 0.92,0.95
Au 100 Si 0.87,0.78 N.A. C-V, XPS [26]
Co 0.73, 0.69
Au 100 Si 0.47-0.69 1.58-2.30 v [27]
Pd 100 Si 0.42-0.60 3.02-5.28 -V [28]
Ti 04, N.A.
Au 100 3C-SiC 0.67, 0.65 N.A. -V, C-V [29]
Ni 0.56, 0.54
Au 111 4H-SiC 0.7,1.39 >2 IV, I-V by C-AFM [19]
Pt 100 3C-SiC 701'.717 2(?550%‘30}2) N.A. [30]
Au 111 4H-SiC 0.73-0.76 N.A. I-V by C-AFM [31]

Clearly, all these results indicate that a significant improvement of the material quality
(namely, a reduction of specific defects” density) remains the only possible route for the
achievement of operational Schottky contacts on 3C-SiC materials suitable for power
electronics applications.
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3.2. Ion Implantation and Activation

High impurity doping is necessary for low ohmic contact and sheet resistance in
3C-SiC power devices. The most commonly used dopants for 3C-SiC are nitrogen or
phosphorus for n-type, and mainly aluminium for p-type.

The low diffusivity of typical dopants in SiC below 1800 °C [32] means that highly
doped selective regions of SiC power devices are often achieved by ion implantation. As
implanted dopant species are nearly always interstitial (not chemically bonded), they are
therefore electrically inert. Therefore, an extra post implant annealing (PIA) step is typically
deployed to repair the lattice damage and place the implanted dopants into their correct
substitutional positions. This is referred to as ‘activation’. Extremely high temperatures
are required for the SiC PIA; above 1400 °C [33,34] is common for n-type SiC and higher
still (>1600 °C) for p-type [35-37]. The higher p-type PIA temperature is required because
acceptors sit deeper in the band gap than donors, and are consequently more challenging
to activate. Regarding 3C-SiC, the most common form is grown heteroepitaxially on Si. As
a consequence, these activation annealing temperatures are often limited to 1412 °C (Si
melting point). Performing the ion implantation at a higher temperature helps to reduce
the induced lattice damage; thus, it is often applied for high dose implantations. Since
the ion implantation induced lattice damage increases with the number of dopants per
unit volume (namely the dose), hot implants are almost mandatory when the implant
concentration goes above 101 em—3 [38].

High temperature PIA also causes a rough semiconductor surface, which is enhanced
within implanted regions and can degrade the performance of critical interfaces such as
Schottky contacts and MOSFET channels [39-41]. A graphite capping layer, demonstrated
to be effective up to 1800 °C [35], is often utilised to protect the SiC surface during the
PIA and reduce the resulting roughness. Comparing the few examples in the literature,
n-type implanted 3C-5iC have been extensively studied for varying annealing conditions
(1150 °C to 1400 °C) both with a graphite capping layer [42] and without [43,44]. It was
shown that there was little advantage demonstrated when using a graphite cap, likely due
to the annealing temperature (below 1400 °C due to the Si substrate) not being high enough
to roughen the surface. In [45], it was shown that by combing the use of hot implant and
pulsed excimer laser processing, which only anneals the surface region, 3C-SiC crystal
damage due to implantation can be effectively repaired without degrading the surface
morphology (energy density 0.2444 J/cm? at 10 Hz), thus providing an alternative solution
that allows high temperature PIA to be conducted on Si substrates.

Despite resulting in a rougher surface, a higher temperature is preferred in favour
of a higher dopant activation rate. Attributed to a smaller band gap, thus a shallower
donor level (55 meV), the activation of n-type dopants in 3C-SiC is easier than in 4H-
SiC (80-130 meV) [46]. Studies on n-type 3C-SiC suggest that nitrogen has advantages
over phosphorous for use as an n-type dopant, with both fewer defects and lower re-
sistivity achieved [42]. Compared with the N saturation density in 4H-SiC (around
5 x 101 em~3) [47], the level in 3C-SiC turns out to be similar at around 7 x 10! cm =3 [48].
With the valence band aligned to other polytypes, the deep acceptor level issue still exists
for 3C-SiC. Adding to the limited processing temperature, p-type implant and activation
has long been an issue for 3C-SiC-on-Si [38,49]. In recent years, the developments on
free standing 3C-SiC materials [50,51] make PIA temperatures above 1400 °C possible,
thus facilitating a significant step forward in 3C-SiC power device fabrication. However,
the knowledge of p-type 3C-SiC ion implantation and activation is very limited and re-
quires further investigation. Table 3 summarises some past results published on the ion
implantation and activation of dopants in 3C-SiC.
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Table 3. A summary of literature data on the ion implantation and activation of 3C-SiC.

Material Implantation PIA Activation Rate Ref.
N-Type
RT !, N, peak 5 x 10"/5 x 102 cm~3 0.44%/0.55%
17 —3 o 19 -3 o,
2 X3}20-Sig(qOO)I; S’riype 400 °C, N, peak 5 x 10¥ ecm None 1.35% 52]
800 °C, N, peak 5 x 10'%/5 x 159, o
100 3 5%./50.8%
800 °C, N, peak 5 x 101 cm~3 12.4%
5 s 900 °C, N, peak 5 x 101 cm 3 14.8%
1 %10 em™ p-type ° 19 . -3 0 53
3C-SiC(100)/Si 1000 °C, N, peak 5 x 10! ecm None 18.4% [53]
1100 °C, N, peak 5 x 10" cm—3 36.0%
1200 °C, N, peak 5 x 10" cm—3 52.2%
1 x 101 cm =3 p-type 20 .. -3 . o o
3C-SiC(100) RT, N, peak 1 x 10°° cm 10 min in Ar at 1500 °C 68% [49]
1x 1016 Cl’l’l_3 p—type 19 -3 P o o,
3C-SiC(100) RT, N, peak 6 x 10*” cm 10 min in Ar at 1400 °C 80% [54]
16 =3 1. i ° %
<1 x CleS.CCIiI nS’pre RT, N, peak 5 x 10% cm =3 1hin Arat 1150 °C 6.5% [46]
3C-5iC(100)/5i 1hin Ar at 1350 °C 13%
1hin Ar at 1150 °C 40%
<1 x 10 cm—3 n-type 19 -3
3C-SiC(100)/Si RT, N, peak 5 x 107 cm 1hin Arat 1350 °C 57% [44]
1hin Ar at 1400 °C 100%
<Ix 10 em Ontype  pr o ek 5% 1019/5x 100 am 3 1hin Arat 1350 °C 60%/17% [55]
3C-SiC(100/Si P of e
<1x 10 em Pntype  pro k15 % 1019/6 x 100 cm3 1 hin Arat 1375 °C 100%/12% [49]
3C-SiC(100/Si s N pear L.
P-type
16 -3 o -
2.8 x 10*® ecm™° n-type RT and 850 °C, Al and B, peak 5 x 10 min in N at 1200 °C Too low, n-type [50]

3C-SiC(100)/Si

1019-1 x 102 ¢cm~—3 behaviour

<1 x 10'® cm~3 n-type
3C-5iC(100)/Si

500 °C, Al, peak 1 x 1020 cm—3

317-546 h in Ar at 1300

oC Weak p-type behaviour [38]

1 Room temperature.

3.3. Ohmic Contact

Due to the requirement of an extra PIA process, achieving ohmic contacts on implanted
regions is more difficult than on epilayers. As is the case in 4H-SiC [56], this is particularly
true for p-type 3C-SiC because the acceptor levels are deeper, as previously mentioned.
Attributed to a lower conduction band edge (3.8 eV from vacuum level), the theoretical
SBH between 3C-5iC and commonly used metals is 0.9 eV lower than for 4H-5iC. This is
convenient for n-type ohmic contact fabrication, while p-type remains as challenging as
in other polytypes. Most work on SiC ohmic contacts is divided into three topics, namely
surface preparation, contact metal, and post metallisation annealing (PMA).

The 3C-SiC epilayer surface roughness can vary significantly, from as low as 1 nm
depending on the growth technique [43] to high values reaching tens of nm [57]. To
achieve a relatively smooth semiconductor surface for ohmic contact fabrication, chemical
mechanical polishing (CMP) is often used prior to any further processing. Noh et al. [58]
show that the RMS surface roughness reduced from ~20 nm to ~7.5 nm. Consequently, the
ohmic contact resistivity p. was reduced by an order of magnitude, from 8.6 x 10~ Qcm?
to 2.8 x 1072 Qcm?. As alluded to previously, practical device fabrication requires a
high temperature (above 1400 °C) PIA treatment, which has been shown to degrade the
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surface following initial CMP. In [43], a detailed discussion was reported around the PIA
effects on 3C-SiC surface morphology and its correlation to the resulting p. values. It was
communicated that although severe damage to the surface can limit performance, the p.
value will not be seriously affected given that the surface roughness value remains below
10 nm.

Many metals or metal stacks, including Al [54,59-61], Ti [54,59-61], Ni [37,54,57,58,60-63],
Ni/Ti [43,55,61], Au/Ti [61], Pt [63], W [37], and TiW [64], have been analysed for 3C-5iC
n-type ohmic contact fabrication. It was observed that Al contacts typically display the lowest
pc, which was explained by the near-zero SBH between Al and 3C-5iC (~0 eV) compared to
Ti (0.4 eV) and Ni (0.55 eV) [54]. Nonetheless, both Ti and Al are readily oxidised in air, with
Al characterised by a melting point below 600 °C. Conversely, Ni demonstrates a slow rate of
oxidation at room temperature combined with a very high melting point. Although Ni reacts
with SiC at temperatures higher than 500 °C, the Ni silicide microstructure helps to reduce the
SBH. This in turn leads to a lower p.. Consequently, Ni is the most commonly utilised metal
contact to n-type SiC.

The effects of PMA on ohmic contacts fabricated on n-type implanted 3C-SiC (Figure 4a)
shows a continuous reduction of contact resistivity with increasing annealing temperature up
to 1000 °C, above which the resistance increases. Details of the silicide formation are shown by
XRD analysis in Figure 4b. It can be inferred that between 500 °C and 600 °C, a coexistence
of NiySi (121) and Niz;Sijp (300) is present. The Nis;Sigp (300) peak gradually diminishes at
higher temperature, while the Ni,Si (002) becomes prominent and enhances continuously to
temperatures reaching 1100 °C. Noting that Ni,Si (121) is readily formed at 600 °C, with no
other noticeable phases above that temperature, the Ni,Si (002) enhanced phase could explain
the contact resistance reduction from 800 °C to 1000 °C. It is worth mentioning that, due to the
very low SBH of highly doped n-type 3C-SiC/metal interface, as-deposited ohmic contacts can
be obtained without PMA processing [59,65]. This makes it possible to integrate SiC transistor
technologies with other low temperature technologies, such as atomic layer deposited high
k dielectrics (e.g., HfO, or Al,O3) with relatively low growth temperatures and classic wafer
bonded or heterojunction devices.
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Figure 4. (a) Specific contact resistance dependence on the PMA temperature and, (b) XRD measure-
ments of metal /3C-SiC (6 x 10?° cm~3) interface after various PMA temperatures indicating silicide
formation. Contact was fabricated by depositing (Ti30 nm/Nil00 nm) on 5 X 1020 em—3 N implanted
3C-SiC.

Compared to n-type 3C-5iC, even less is known about p-type 3C-5iC ohmic contacts.
As with 4H-5iC, Al based alloys are most commonly used for p-type ohmic contact since
very often Al is also the doping species. A Ti interlayer is often applied not only to
improve the adhesion, but the TiC product after PMA also helps to reduce the contact
resistance [36,66].

Among the very limited data, the lowest specific contact resistances (10~°~10~* Qcm?)
are obtained from trials made on p-type epilayers [66,67], which eliminates the issue of
acceptor activation. However, when fabricating power devices such as MOSFETs, it is
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crucial to obtain ohmic contacts on selective highly doped, mostly implanted p+ regions. It
is reported in [38] that, on 3C-SiC with a Si substrate, a hot implant (500 °C) with high Al
concentration (1 x 10?0 cm~2) together with very long duration (>300 h) PIA at 1300 °C
had to be performed to achieve ohmic contacts, and even so, the resultant p. was still high,
around the 1072 Qcm? level. More recently, p-type ohmic contacts (Figure 5a) on Al hot
implanted (600 °C, 1 x 10?° cm~3) free standing 3C-SiC have been reported. By increasing
the PIA temperature treatment to 1700 °C, a dramatic reduction in annealing time was
required—down to 2 h. Even though the p, value is still relatively high ~10~3 Qcm?, it is
promising since the contacts were fabricated on a very rough surface (Figure 5b), which
can be further improved either by optimising the 3C-S5iC growth process or additional
polishing treatments. Table 4 provides a survey of the literature results for ohmic contact

processing on 3C-SiC, mostly n-type.
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Figure 5. (a) I-V characteristic ohmic contact (Ni/Al/Ti) fabricated on Al implanted free standing

3C-Si and, (b) surface morphology of the free standing 3C-SiC by AFM.

Table 4. A summary of literature data on the fabrication of 3C-SiC ohmic contact.

Contact Doping (cm~3) PMA Conditions pe (Qem?) Ref.
N-Type
5 x 1018 N implanted 1x 1074
3 x 10" N implanted 6 x 1072
1 x 10N implanted As-deposited 5x 107° [59]
Al 3 x 10%° N implanted 1.3 x 1075
6 x 10! N implanted As-deposited /500 °C 5x1077/6 x 107° [54]
6 x 10'® N implanted 300 °C 5x 1077 [61]
1 x 10'7 N doped epi As deposited /500 °C 2x1074/1 x 107* [37]
5 x 10'® N implanted 7 x107°
3 x 10" N implanted . 4 %1075
. As-deposited [59]
Ti 1 x 10%° N implanted 2x107°
3 x 10%° N implanted 1.5 x 1075
6 x 10! N implanted As-deposited /500 °C 5x107%/6 x 107° [54]
Not known, N doped epi 1000°C 3.7 x 1074 [58]
Ni 6 x 101 N implanted As-deposited /500 °C 2x107%/5 x 107 [54]
3 x 10" N doped epi 950 °C 12 x 1075 [61]
1x 107 N doped epi As-deposited /500 °C 5x 1074/5 x 107> [37]
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Table 4. Cont.

Contact Doping (cm—3) PMA Conditions pe (Qem?) Ref.
1 x 102 P implanted 1000 °C 1.4 x 1075 [61]
Not known, poly crystal epi As-deposited 1.6 x 107 [65]
5 x 10'7 N doped epi 950 °C 1.5 x 1075 [57]
1 x 10" N doped epi 950 °C 3.7 x 1073 [66]

5 x 10'° N implanted , 7 x 1074

As-deposited

5 x 10%° N implanted 3 x107°
1 x 10! N implanted 2x 1074 [65]

5 x 10! N implanted 1000 °C 4 %1075

Ni/Ti 5 x 102 N implanted 9 x 1076

5 x 10?0 N implanted 8 x 1076
5 x 10%° P implanted tooe 2 x107° ]
>10?° N implanted 1050 °C 2x107° [61]
5 x 10! N implanted 1000 °C 32 x107° [55]
Au/Ti 3 x 102 N implanted 600 °C 12 x 1075 [61]
Pt Not know, poly crystal N doped epi As-deposited 1.2 x 107 [63]
w 1 x 10" N doped epi As-deposited /500 °C 2x1073/2x 1073 [37]
W Not know, N doped epi 1000 °C 4.6 x 1074 [64]
4 x 10 N/P implanted As-deposited ohmic [68]

P-type

Al 14 x 1072
AL/Poly 1.33 x 107 Al doped epi 710 °C 35 % 104 [67]
5 x 10! Al doped epi 950 °C 1.8 x 1075 [66]
Ni/Al/Ti 1 x 1020 Al implanted 1000 °C 1072 [38]

1 x 1020 Al implanted 1000 °C 1073 This work

3.4. MOS Processing

Given the superior electrical performance of SiC and its capacity to be thermally
oxidised, it is not surprising that there are copious amounts of SiC MOS devices being
demonstrated. The commercialised 4H-SiC polytype is naturally the most frequently
reported. Numerous literature reports suggest that MOS interface traps are similar in
nature for all SiC polytypes [69]. Therefore, studies relating to the 4H-SiC/SiO, interface
provide insightful information with respect to the equivalent 3C-5iC system.

In [70], reporting around the possible origins of interface traps identified two primary
sources; namely, carbon and oxide defects that accumulate at the MOS interface during
the oxidation process. The oxide defect-induced traps (also known as “near-interface
traps”) have much smaller time constants compared to the carbon-clusters. Therefore,
oxide defect-induced traps are also known as “fast traps” while the latter are coined
“slow traps”. A graphic illustration of the carbon cluster model is shown in Figure 6,
including the corresponding specified energy levels of the traps. Figure 6 shows the
4H-SiC conduction band edge is overwhelmingly impacted by m-bonded clusters and
carbon near-interface traps, with the latter being most dominant. Both trap forms are
acceptor-like, therefore negatively charged when occupied, which explains the positive
flat band voltage (V) typically detected with respect to 4H-5iC MOS devices. In contrast,
the 3C-SiC conduction band is devoid of near-interface traps due to a narrower band
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gap. However, 3C-SiC is still negatively-impacted by n-bonded carbon clusters. These
(carbon clusters near the 3C-SiC conduction band edge) defects are positively charged
if occupied as they are donorlike, resulting in a Vp, that is negative. Dangling bonds
augment the interface defectiveness but are negligible secondary concerns compared to the
aforementioned carbon clusters. Consequently, hydrogen annealing is not as effective for
SiC when compared to Si. Alternative methods have been demonstrated for high-quality
SiC/SiO; interface optimisation.
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Figure 6. Schematic representation of the “carbon cluster model”. Adapted from Ref. [71] with
permission from the author (R. Esteve).

Reports focussing on the improvement of the SiC/SiO, interface are mainly related
to the topic of post oxidation annealing (POA). Former research literature revealed the
advantages of including hydrogenation processes either during the (gate) oxidation process
or subsequently, via the POA. This has the effect of decreasing the interface trap density (Dj)
in addition to reducing positive fixed charge (Qy) [68,72]. Consequently, wet oxidation in
conjunction with POA is often utilised for 3C-5iC MOSFET fabrication [73,74]. Regarding
the nitridation step, extra deep interface traps revealed by double peak conductance
spectra were observed from fabricated MOS capacitors via direct NoO oxidation and pure
O, oxidation methods on nitrogen implanted films [72,75].

Figure 7 shows the lateral MOSFET transfer curves on Al implanted 3C-SiC/Si sub-
strates with the gate oxide grown in different atmospheres, but all at the same temperature
of 1300 °C [76]. Due to varying oxide thicknesses, for direct comparison the gate field
instead of gate voltage is plotted on the x-axis. It can be inferred that the dry oxidized
device demonstrates a normally on characteristic with a gate threshold voltage approach-
ing zero. This is in agreement with the previously introduced Carbon Cluster Model,
stating that only donor-like states occupy the 3C-5iC/SiO; interface. Since these states
are positively charged when vacant, these donor-like states may be responsible for the
inherent negative threshold. The nitrided sample is even further shifted in the negative
threshold direction due to the counter doping channel effect [77]. The wet oxidized sample
has the most positive gate threshold. A combination of N,O nitridation and POA (wet)
yielded an intermediate threshold field of around —2MV /cm. Clearly, the wet oxidation
was successful in shifting the device threshold in a more positive manner, either by forcing
a reduction in positive fixed oxide charges or via compensating them with additional
negative charge. Both wet POA and oxidized processed devices have a peak field-effect
mobility (urg) value in the region of 60 cm?/Vs, which is the lowest compared with the
dry oxidized sample (70 cm?/Vs) and the N,O nitrided sample (90 cm?/Vs).
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Figure 7. Transfer curves of 1300 °C oxidized lateral MOSFET with various conditions.

As mentioned previously, the reliability of the 3C-SiC MOS system is particularly
interesting, yet there has been relatively little study of this topic, mainly due to a shortage
of non-defective 3C-SiC material. Figure 8 shows the critical strength (E.) of SiO, layers
grown on 3C-5iC/Si substrates in different atmospheres at 1300 °C. As can be seen, by
using combined dry O, gate oxidation with an N,O POA process, the noise level was
greatly reduced and the critical electric field strength was able to be kept at around 8
MYV /cm, the highest value observed.
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Figure 8. Dielectric breakdown curve of gate oxides fabricated by (a) 60 min 1300 °C O, dry oxidation,
(b) 15 min 1300 °C O, wet oxidation, (c) 120 min 1300 °C N,O dry oxidation and (d) 30 min 1300 °C
O, dry oxidation + 90 min 1300 °C N,O POA.

Recently the reliability of 3C-5iC MOS capacitors (dry oxidised and N,O POA at
1300 °C) has been examined at room temperature by using both v-ramp and time-dependent
dielectric breakdown (TDDB) analysis. As can be seen in Figure 9a, the accumulated total
failure percentage increases steadily until around 8.5 MV /cm, beyond which the failure
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number sharply increases to 100%. The failures at lower fields are most likely induced by
crystal deficiencies in the 3C-SiC substrate that alter localised material properties. High
field (>8.5 MV /cm) failures are characterized by either F-N tunnelling, observed via the
increased leakage current, or electron impact ionization energy being reached within the
oxide due to elevated electric fields. TDDB analysis is conducted at electric field values of
6,7.5,8.5,and 9 MV/cm. The Weibull distributions are displayed in Figure 9b. Even at
high fields beyond 8.5 MV /cm, the slope values remain low in the region of ~1, an order of
magnitude lower than reported values for 4H-SiC [78], suggesting extrinsic defects are still
the dominant failure mechanism.
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Figure 9. (a) Failure distribution of 3C-SiC MOS capacitors in the electric field range of
4.5-10.5 MV /cm, and (b) Weibull distributions of device failures at various electric fields.

Besides the application on Schottky contacts described in Section 3.1, nanoscale resolu-
tion current mapping by C-AFM can also be a powerful analysis technique for investigation
of the dielectric breakdown behaviour of thin insulators. In fact, this method was recently
employed by Fiorenza et al. [79] in order to explain the reasons behind the premature
breakdown of thermal oxide (S5iO;) grown on 3C-5SiC typically observed in MOS capacitors,
by stressing the oxide through the application of a bias to the C-AFM tip corresponding to
an electric field of 8 MV /cm (see schematic set-up in Figure 10a).

20 nm A
| —
vlip pA
Sio,
3C-SiC
(n-type )
(a)

Figure 10. (a) C-AFM set-up adopted for the electrical characterization of the SiO, /3C-SiC system;
(b) AFM morphology and (c) C-AFM current map acquired under the application of an electric field
of 8 MV /cm to the tip. Adapted with permission from ref. [79]. Copyright © 2021 Elsevier Ltd.

The C-AFM current map and corresponding AFM surface morphology acquired on
the SiO, /SiC system are reported in Figure 10b,c, respectively. The C-AFM current map
in Figure 10c reflects the breakdown distribution of an array of tip/oxide nano-MOS
capacitors. Hence, the features on the surface morphology (Figure 10b) could be correlated
with the position of the breakdown spots (Figure 10c), which are not randomly distributed,
but preferentially appear along the APBs (dashed line in Figure 10b). Here, the straight
line conductive aspects associated with SFs on the exposed 3C-5SiC surface (see Figure 10c)
were not visible in the presence of a thermal oxide. Based on this analysis, the premature
dielectric breakdown observed in MOS capacitors could be attributed to the presence of
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positively charged APBs, causing an electron injection enhancement from the 3C-SiC into
the SiO,.
Table 5 is a list of recent work performed on the study of 3C-5iC MOS interface traps.

Table 5. A summary of literature data on the processing of 3C-5iC MOS interface and relevant information on fixed charges
(Qr), interface trap density (Dj;), and oxide critical field (E.), unless specified, the 3C-5iC materials listed are epilayers.

Oxidation Dj;

. . -2
Substrate Oxidation POA Qs (cm—2) (cm-2 eV-1) E; (MV/cm) Ref.
n-type 3C-SiC NO, 1175°C, 4 h - - ~10M - [68]
Al grgl_)ézii(r;ted Dry 012,5 1}1100 C, Wet 05,550 C ) 5 % 1012-1 x 1013 _ [74]
ntypescsic PV Ar e 1n - ~10'2 - [75]
N20, 11100 C3 01 x 10 ~10'2 8.2
Wet 05'550 < 1.7 x 101 ~2 x 1012 9.1
ntypedCsic  POVD (OS)IH4 My (80]
2 Ty o 176 x 10t ~2 x 1013 5.9
N,, 1100 °C, 3 h 4.65 x 1012 ~7 % 1012 6.3
N,, 950 °C,3h 2.63 x 1012 ~2 x 1013 6.2
. NO, 1185°C, 2 h - - ~1012 -
n-type 3C-SiC [771
N,O, 1185°C, 1 h - - ~8 x 1011 -
Dry O, EOO C 4 - 9.3 x 1012 427 x 1013 -
Dry O, ;200 ¢ 1 - 7.1 x 1012 6.59 x 1013 -
Dry 012’51}1100 S 0,950°C,3h 1.3 x 1012 7.1 x 1012 -
n-type 3C-SiC . [73]
Dry 012,5 1}1100 C,  Wet og, }?50 C, 09 x 1012 55 % 1012 ]
N,O, 1200 °C, 2 h ) 3.0 x 1012 1.15 x 1013 -
N,O, 1250 °C, 2 h 3.1 x 1012 9.1 x 1012 -
N,O,1250°C,2h ‘et o§,350 C 1ex10m2 9.4 x 1012 ;
n-type 3C-SiC PECY\]TDC(;IW " Ny, 950 °C 5.7-7 x 1012 5 x 10'1-7 x 1012 - [81]
2
Dry Oy, 1200 °C 1.1 x 1012
n-type 3CSiC  Dry O,, 1300 °C i 1.1 x 1012 ~1012 i (82]
Dry O,, 1400 °C 4.1 x 102

4. 3C-SiC Device Prototypes
4.1. Schottky Diode

The study of Schottky and p-n junction diode behaviour on thin film CVD 3C-SiC dates
back to the 1980s [83]. Much of this early work was conducted on thin films deposited
on silicon and 6H-SiC. The initial studies were concerned with the surface science of
fabricating appropriate metal contacts. These diodes demonstrated the first reported 3C-
SiC rectification behaviour of up to 200 V, with leakage currents ranging from between
1041 A/cm? [84,85]. Vertical heterojunction Schottky diodes based on platinum (Pt)
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contacts showed a blocking voltage of 85 V with a low forward voltage drop of ~0.85 V [86].
Gold contacts to 3C-5SiC for Schottky diode applications displayed a variance of the barrier
height with contact area [19]. This can be explained by the defect density inherent within
the starting material. More recent Schottky diode reports suggest that the leakage current is
not dominated by SF density, as the leakage current had a greater dependency on the barrier
height [87]. Barrier height nonuniformities of the Schottky barrier have been observed
on lateral 3C-5iC-on-5i diodes, implicating complex trapping/de-trapping phenomena
observed within the material [88]. The information acquired has led to validated technology
computer aided design (TCAD) models for accurate 3C-SiC device simulation [9].

4.2. PiN Diode

Attributed to its smaller bandgap, 3C-SiC has a lower p-n junction built-in potential
(~1.75 V) than 4H-SiC (=3 V). In [9] it is shown that, up to 4.5 kV blocking voltage,
the forward voltage drop at 250 A/cm? remains lower for 3C-SiC than 4H-SiC in PiN
diode applications. Until recently, however, fabricating 3C-SiC PiN diodes has been
difficult, not only because of the high defect density within 3C-SiC epilayers caused by
the lattice mismatch with Si [21], but also due to the lateral nature of structures necessary
to avoid the 3C-5iC/Si heterojunction. While there are several reports on achieving n-
type conduction in 3C-SiC epi/implanted layers [42,48,66], and p-type conduction in Al
doped epilayers [66,89], it remains an obstacle for p-type implanted layers. This is mainly
due to the post implantation anneal temperature, which was limited to the Si melting
point, 1414 °C, which is not sufficient to activate the deep level Al dopants, even if hot
implantation was applied.

Low voltage lateral p-n junction diodes were previously demonstrated via the for-
mation of implanted n+ regions in p-type doped 3C-SiC epilayers grown on Si sub-
strates [90,91]. However, to make the most of its benefits in power applications, a vertical
structure is necessary. 3C-5iC growth methods have improved in recent years [6,92,93],
and bulk 3C-5iC are now available [51]; thus, a higher annealing temperature can now be
applied. Vertical PiN diodes were fabricated on free standing 3C-SiC material by implant-
ing Al in n-type doped epilayer and the forward current density is shown in Figure 11a.
The built-in potential of the fabricated PiN diode is around 2 V, slightly higher than the the-
oretical value 1.75 V [9], but it is still much lower than the typical >3 V for 4H-SiC [94-96].
The forward current density goes above 1000 A /cm? at 2.7 V, and the lowest differential
resistance is estimated to be 0.5 mQcm?. The device on-off ratio at £5 V is as high as 10°,
as shown in Figure 11b, and a blocking voltage above 100 V is achieved (Figure 11c). An
observation to note with respect to bipolar PiN diode I-V characterisation is that no bipolar
degradation has been reported in the literature with respect to 3C-5iC pn diodes. This is
most likely due to the fact that attention is being placed upon more fundamental device
limiting issues such as SF-induced leakage currents.

; 1044 1044
(a) (b) c)
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Figure 11. (a) Forward J-V characteristics, (b) on-off performance at +5 V, and (c) reverse breakdown
of bulk 3C-SiC PiN diodes.
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4.3. MOSFET

Early 3C-5iC power devices were predominantly demonstrated via heteroepitaxial
3C-5iC grown by chemical vapour deposition (CVD) above silicon substrates in addition
to free-standing wafers, provided by HOYA Advanced Semiconductor Technologies Co
Ltd. [50,74,97,98]. Power devices were based on diode and MOSFET (lateral and vertical)
architectures. Devices demonstrated by 3C-5iC CVD grown on undulant-silicon substrates
suffered from premature breakdown voltage and high leakage currents due to APBs and
SF inherent within the epitaxial layer of the device [99,100].

Typical characteristics showed that achieving breakdown voltages in excess of 600 V
was challenging since the leakage current emanating from the formerly mentioned p-n
junction SFs degraded performance in a terminal manner [100]. High current cellular
vertical 3C-5iC MOSFETs were demonstrated by Abe et al. [74]. This device achieved an
impressive 1220 A/cm? current density based on a single cell. This corresponds to a current
carrying capability of 41-132 A for a 3 x 3 mm?, 600 V chip. SF-induced leakage current
hampered the off-state performance of this MOSFET. CVD deposited gates produced
600 V-MOSFETs with a high channel mobility of 200 cm?/Vs [101]. The high channel
mobility and low specific on-state resistance of 5-7 mQcm? were brought about by a
specific activation anneal of 1600 °C in argon (Ar), in order to realise a smooth 3C-SiC
surface prior to deposition of the gate oxide. They used 600 V DMOSFETs to show that
material quality has a strong influence on the blocking behaviour. In contrast, the on-state
electrical characteristics were unaffected [102]. A 200V reduction in breakdown voltage
was observed for DMOSFETs with a high crystal defect density.

Due to the lower interface trap density at the 3C-S5iC/SiO; interface compared with
4H-5iC, MOSFETs are the most studied 3C-SiC devices, targeting for lower on-resistance
than 4H-S5iC MOSFETs in medium voltage applications (600-1200V). High field-effect
mobility values were demonstrated by fabricating 3C-S5iC MOSFETs with a high current
density of 1220 A/cm? and encouraging scaling features were shown in 1 mm x 1 mm and
3mm x 3 mm devices [74]. In addition, it is shown in [65,68] that by removing the rapid
thermal anneal for the ohmic contact, the field-effect mobility can be further improved.
Despite the achievements made in forward conditions, reaching blocking ability (BV) close
to the theoretical values is still a challenge, mainly because of the high leakage current
induced by crystal defects such as SFs [97]. By reducing stacking faults to ~90 cm~?, the
device blocking ability (5 x 10'® cm 2 doped drift region) can be significantly improved to
600 V [50], close to the unipolar limit. Table 6 is a summary of the recent literature results
for 3C-SiC MOSFET fabrication.

Table 6. A summary of literature data on the forward and reverse performance of 3C-5iC MOSFETs.

Structure Channel Oxidation POA UTE (cm?2/V.s) By (V) Ref.
e DT WouT pmCE L
Lateral 1 ;_tl}?;z ‘:;‘;3 Wet O,, 1100 °C V?ert gjg;g;g?o}g; ~229 - [103]
Lateral 1AT i}fg;{g Dry O3, 1300 °C ; ~80 ; 65]
Vertical 1AT ijr?;?a;ﬁj Dry 012"51;00 C Wet0,,950°C, 3h ~28 ~100 [68]
Vertical 1AT i}fg;ﬁj Dry 012"51}1100 C Wet0,,950°C, 3h ~45 550-600 [50]
Vertical Al implanted Wet O,, 1150 °C, - >100 [104]
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5. Conclusions

This paper gave an overview of the processing technology associated with heteroepi-
taxial 3C-SiC-on-silicon, including the more recently available bulk 3C-SiC studies. This
topic is highly relevant today since this material presents some clear advantages over its
commercial WBG competitors in terms of MOS channel resistance and reliability. These
factors are of the utmost importance when considering that it is the automotive sector
that is driving the widespread uptake of WBG technologies. Schottky contact processing
on 3C-SiC has mainly been conducted on heteroepitaxy (on-silicon) utilising high work
function metals such as Au or Pt. These rectifying contacts are typically characterised
by high leakage currents arising from SFs and APBs and it is clear that a step-change
in material quality is needed for power device applications. To the best of the authors’
knowledge, there remains no semiconductor device grade wafer supplier of bulk 3C-5iC.
However, heteroepitaxial 3C-SiC-on-silicon is available up to a wafer diameter of 4 inch.
The main obstacle to large diameter 3C-5iC commercialisation remains the SF density that
ranges from 200-5000 cm~!. Hence, the future prospects for 3C-SiC are incumbent upon
reducing SFs and APBs, which remains key to realising large diameter 3C-5iC bulk wafer
production. 3C-SiC-on-silicon demonstrates serious limitations when the ion implantation
process is taken into consideration. Therefore, the majority of studies to date have used
conventional PIA annealing up to 1400 °C (melting temperature of silicon substrate) and
pulsed laser annealing. Generally, dopant activation rates are low in 3C-SiC heteroepitaxy
structures, although recently more promising behaviour has been described on free stand-
ing (bulk) 3C-5iC. Most recently p-type aluminium doped 3C-SiC has been demonstrated
with weak p-type behaviour. N-type ohmic contacts have been consistently achieved
using metals such as Ni, Al, Ti, Au and W demonstrating specific contact resistivities as
low as 5 x 1077 Qcm?. The success is related to the high n-type ion implantation acti-
vation/ionisation rates accompanied by the low donor levels relative to 4H-SiC. P-type
ohmicity based on metals including Al, Ni, Ti and poly-silicon have produced resistances
in the region of ~10~° Qcm?. Compared to n-type donor levels in 3C-SiC, p-type acceptor
energy levels are closer to the midgap, resulting in a lower degree of acceptor ionization.
Diodes based on Schottky and PiN designs have been demonstrated on 3C-5iC. The state
of the art with respect to diodes are bulk PiN structures with a built-in voltage of 2V
and current density of 1000 Acm~2 observed. The 3C-SiC MOS interface is relatively
untroubled by near interface traps when compared to its 4H-SiC counterpart. This can be
inferred from experimental results based on nitrogen anneals where channel mobilities
approaching 100 cm?/Vs have been observed. Again nitrogen-based thermal oxidation
produced interface trap densities in the region of 10! cm~2 eV~1. A reliability analysis
of the 3C-5iC MOS interface revealed high breakdown fields in the region of 8MV/cm
including cumulative device failure arising primarily from 3C-SiC crystal defects (TDDB).
Actual MOSFET demonstrators are plagued by high leakage currents resulting from crystal
defects. Thus, 600V 3C-SiC MOSFETs that approach the theoretical unipolar limit have
been demonstrated.
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Abstract: High-« dielectrics are insulating materials with higher permittivity than silicon dioxide.
These materials have already found application in microelectronics, mainly as gate insulators or
passivating layers for silicon (Si) technology. However, since the last decade, the post-Si era began
with the pervasive introduction of wide band gap (WBG) semiconductors, such as silicon carbide (SiC)
and gallium nitride (GaN), which opened new perspectives for high-k materials in these emerging
technologies. In this context, aluminium and hafnium oxides (i.e., Al,O3, HfO,) and some rare earth
oxides (e.g., CeOy, GdyO3, ScyO3) are promising high-k binary oxides that can find application as gate
dielectric layers in the next generation of high-power and high-frequency transistors based on SiC
and GaN. This review paper gives a general overview of high-permittivity binary oxides thin films
for post-Si electronic devices. In particular, focus is placed on high-k binary oxides grown by atomic
layer deposition on WBG semiconductors (silicon carbide and gallium nitride), as either amorphous
or crystalline films. The impacts of deposition modes and pre- or postdeposition treatments are both
discussed. Moreover, the dielectric behaviour of these films is also presented, and some examples of
high-«k binary oxides applied to SiC and GaN transistors are reported. The potential advantages and
the current limitations of these technologies are highlighted.

Keywords: insulators; binary oxides; high-k dielectrics; power electronics; wide band gap

semiconductors

1. Introduction

Today;, it is widely recognized that microelectronic devices have improved the quality
of our daily lives, strongly contributing to the development of human civilization. In the
1940s-1950s, the first microelectronic devices appeared, and they were based on germanium.
However, silicon (Si) gradually began to be the semiconductor of choice, driving the power
electronics revolution with the introduction of the first p-n-p-n transistors in 1956 at Bell
Laboratories [1,2]. About two decades later, the introduction of metal-oxide-semiconductor
field-effect transistors (Si-MOSFETs) set the foundations for the development of the modern
CMOS technology [3]. Hence, for about fifty years, microelectronics have been based
mainly on Si semiconductors. The great success of digital technology may apparently
indicate that Si is still the most suitable material for microelectronic devices. However,
in other fields, such as electronic systems for power transmission or distribution (power
converters, base stations, wireless connections, etc.) and optoelectronics (light emitting
diodes—LEDs, lasers), the achievement of the ultimate silicon performances opened the
route for the post-Si era. In this context, wide band gap (WBG) semiconductors emerged as
the most suitable materials for this technological revolution, especially in high-power and
high-frequency electronics [4-7].

Among the WBG semiconductors, silicon carbide (SiC) and gallium nitride (GaN) are
the most attractive candidates because they already provide a good compromise between
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their theoretical properties (blocking voltage capability, operation temperature, and switch-
ing frequency) and commercial availability [4-6]. Their wide band gaps result in higher
breakdown voltage and operation temperature with respect to Si, so both are excellent can-
didates to replace Si in the next generation of high-power and high-frequency electronics.
Because of their different physical and electronic properties in terms of carrier mobility
and thermal conductivity [8,9], SiC and GaN will cover different market segments in the
post-Si technologies [10]. In particular, SiC is more suitable for high-power applications
based on vertical devices, while GaN is more efficient for high-frequency applications
based on lateral transistors. In any case, both materials can provide superior performances
with respect to the existing Si devices [5,6], although the different technological steps for
transistor fabrication need to be appropriately integrated.

Gate insulators are certainly the most important brick for transistor operation, even
in the post-5Si era, since the device performances critically depend on the choice of the
insulating material. However, gate insulator technology is rather different in SiC and
GaN, thus leading to a variety of issues to be faced when developing devices on these two
WBG semiconductors.

Traditional dielectric materials, such as silicon oxide or silicon nitride, have also been
widely investigated [11-14] for applications based on WBG semiconductors. However,
the performance of the ideal 5i/SiO; system has been not achieved, and attention has
been focused on the so-called “high-k” oxides [15-20]. Among all the high-«k materials,
some binary oxides (such as Al,O3 [21,22], HfO, [22], NiO [23,24], CeO, [25], Sc, O3 [26,27],
LayOs3 [28], Gdp03 [28], Y203 [28,29], ZrO,, [17,18], GapOs [30], etc.) potentially repre-
sent a suitable solution for the integration in WBG-based devices because of their higher
chemical stability and/or lower fabrication cost. Some other possible materials have been
studied, such as ternary oxides and nitrides, but those materials are beyond the topic of
this review paper.

Table 1 shows a summary of the possible oxide candidates for the replacement of the
SiO; dielectric material and their principal physical properties, such as dielectric constant
values, band gaps, and crystallization temperatures.

Table 1. Principal physical properties of high-« gate binary oxides.

Oxide Dielectric Constant Band Gap (eV) Crystallization Temperature Ref
AL O3 10 9 900 °C [17,18]
HfO, ~20 5.6-5.8 500 °C [17,18,22]
NiO 11.7 4 300 °C [23,24]
CeO, 26 6 500 °C [25]
Sc,03 12-14 6.0 >400 °C [26-29]
Y,03 10 5.5 >400 °C [26,28,29]
Gd,03 ~20 5.0-5.45 >400 °C [26,28]
LayO3 ~20 54-5.6 >400 °C [17,18,27,29]
ZrO, 25 5.8 >400 °C [17,18]
Ga,O3 ~10 5 >500 °C [30]

Figure 1a reports the values of the band gaps of different insulators as a function of
their relative permittivity (in units of the vacuum permittivity ¢g). The general trend (high-
lighted by the continuous line) is a decrease in the band gap with increasing permittivity.
Hence, the reduced band gap of high-permittivity oxides can represent a concern in terms
of leakage current. For this reason, insulators with appropriate band alignment with the
semiconductor must be preferred. In this context, Figure 1b shows the band alignment
of several high-k oxides with the semiconductor materials under consideration (i.e., Si,
4H-SiC, and GaN). The offset between the conduction bands of the semiconductors and
insulators is reported in scale.
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Figure 1. (a) Band gap values as a function of relative permittivity (in units of the vacuum permittivity
g¢) for different insulators. The continuous line is a guide; (b) schematic illustration (in scale) of the
band alignments of some common insulators with the semiconductor materials under considera-
tion (i.e., silicon, 4H-5iC, and GaN). The light purple, green, and orange dotted lines indicate the
conduction band edge of the Si, 4H-SiC, and GaN semiconductors, respectively.

Hence, in terms of physical properties, the guidelines for the choice of the ideal gate
dielectric material are: (i) high dielectric constant value; (ii) appropriate alignment of the
band gap with respect to the substrates (in particular, the band offset should be greater than
1 eV); (iii) thermal stability during the fabrication process (many steps have to be carried
out at high temperatures for short periods of time) [17-19].

Moreovet, since the gate oxide is directly in contact with the device channel, another
important requirement is good quality of the gate oxide/semiconductor interface in terms
of low roughness and low density of electronic defects [5].

These requirements could be met throughout two possible approaches, i.e., a crys-
talline gate oxide epitaxially grown on the semiconducting substrate or an amorphous
oxide. Electronic defects can be thus minimized either by exactly or randomly saturating
the dangling bonds, respectively. Generally, amorphous oxides are the preferred solution,
since they possess isotropic dielectric constants due to the fluctuation of the polarized
bonds and do not possess rough edges. By contrast, the advantage of the epitaxial oxides is
the abruptness of the interface [17,18].

In general, as schematically illustrated in Figure 2, structural and compositional
defects of binary oxides (e.g., oxygen vacancies, impurities, etc.) can generate the presence
of energetic levels within the band gap or at the interface, and the trapped charges in
these states are undesirable for the following reasons: (i) they are responsible for a shift
in the voltage threshold of the transistor; (ii) they may change over time and determine
the instability of the transistor output characteristics; (iii) they scatter the carriers in the
inversion channel and, consequently, limit the channel mobility; (iv) they compromise the
transistor reliability because they are the main cause of the dielectric breakdown [17,18].

Silicon dioxide (SiO») [15] was considered an ideal dielectric during the Si era because
it possesses a very low electronic defect density. The reason for this is the low coordination
number, which guarantees the possibility to “repair” the dangling bonds. On the other
hand, alternative high-«k oxides possess chemical bonds that cannot easily relax, thus
inevitability leading to a higher electronic defect density. Hence, there is a need to reduce
the number of electronic defects in these materials by annealing treatments or by optimizing
their deposition processes.
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Figure 2. Schematic representation of the main issues affecting the functionality of high-k binary gate
oxides in a transistor.

In this context, the important role of the growth technique for the deposition of the
high-«k dielectric layers is clear. Certainly, many deposition techniques based on either
physical or chemical principles are available. However, the semiconductor industry cur-
rently demands manufacturing techniques able to achieve good surface coverage on large
areas, high conformity on three-dimensional structures, high growth rate, reliability, and
compatibility with the thermal budget required for the device fabrication [31,32].

Table 2 compares the main features of the common growth techniques used [29] for
the deposition of high-k oxide thin films for microelectronics applications, considering
the different deposition parameters. High deposition rates and large varieties of available
materials are certainly the main advantages of molecular beam epitaxy (MBE) or chemical
vapor deposition (CVD) methods. By contrast, these techniques are characterized by the
need for high deposition temperatures. Physical vapor deposition (PVD)-based techniques
are generally preferred for metals rather than for insulator deposition and lack uniformity
over large areas.

Table 2. Comparison of the main features of the common deposition techniques for high-k oxides in
microelectronics [29,31,32].

ALD MBE CVD PVD
Thickness range <2000 A <2000 A >100 A >100 A
D i ¢ Low High High Medium
eposition rate 1-5 nm/min 0.01-0.3 pm/min 1-10 um/h 0.1-1 pm/h
Step coverage 100% 25-50% 70% 25-50%
Aspect ratio 60:1 11 1:1 1:1
Deposition temperature 25-400 °C 500-1000 °C 300-1100 °C 200-500 °C
. 1 1iets High High High High for metals and
Film type availability (limited for metals) (limited for Metals) (limited for metals) conductive materials

However, judging from the latest industrial trends and looking forward at the
nanometric-scale miniaturization process of electronic devices, the employment of de-
position methods with atomic-level accuracy has become mandatory. From this perspective,
atomic layer deposition (ALD) is the most promising deposition technique, and it is gradu-
ally replacing CVD and PVD techniques in many applications.

ALD is an innovative thin-film growth method that belongs to the general class of
CVD techniques. As in a typical CVD process, films are deposited from gaseous chemical
precursors, one for each element of the desired compound. However, unlike the traditional
CVD mechanism, the ALD process is characterized by “self-limited” reactions, first between
precursor and pristine surface and second on a surface saturated by one “monolayer” of
precursor fragments [31]. This deposition mechanism allows subnanometer control of
film thickness, conformal coating of nonplanar substrates (step coverage ~100%), and
high-quality films deposited at relatively low temperatures [32]. For these reasons, the
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employment of ALD can give several advantages over that of either CVD or PVD. Finally,
the low growth rate of the classical thermal ALD (T-ALD) process has been now significantly
improved by the implementation of plasma enhanced ALD (PE-ALD). PE-ALD is an energy-
enhanced deposition technique based on plasma ignition to enhance the co-reactants’
reactivity. The high reactivity of the plasma species produces a higher density of reactive
surface sites. Consequently, higher growth rates and better properties of the resulting films
in terms of density, impurity content, and electrical parameters can be obtained. Another
advantage of PE-ALD is the possibility to control additional process parameters, such as
the operating pressure, plasma power, and plasma exposure time. Varying the plasma
parameters enable fine tuning the properties of the deposited films.

A great part of the results presented in the following Sections are related to high-«
oxides grown by ALD techniques.

2. Amorphous High-x Oxides on WBG Semiconductors

Several amorphous materials have been studied in the last decades as possible high-«
gate oxides for WBG semiconductors. Among them, because of their high crystallization
temperature, Al,O3 thin films have certainly been the most widely investigated solution as
amorphous dielectric layers. Some studies have reported on Al,O3 formed by reactive ion
sputtering [33-35], oxidation of Al in oxygen ambient at high temperatures [36], and a few
others nonconventional techniques [37,38]. The major drawbacks of these solutions are the
low breakdown fields (around 5-6 MVem™1) of the deposited films and their poor thickness
uniformity on large areas. These limitations have been overcome by the implementation of
the ALD technique, which has been the method of choice to study the potentiality of Al,O3
thin films [39-44].

However, several issues still remain objects of investigation in order to optimize
the quality of deposited materials and their interfaces with the WBG semiconductors.
Moreover, though the growth of high-k oxides amorphous films is generally carried out
at low deposition temperatures (in the 200-300 °C range), some interfacial interaction
could occur in SiC and GaN substrates, resulting in the presence of unwanted materials or
deposition by products.

In this context, the cleaning of the substrate surface before dielectric deposition, as
well as the postdeposition annealing treatments, are discussed in the next subsections,
illustrating as examples some relevant case studies of amorphous high-« oxides on SiC and
GaN substrates.

2.1. Growth of Amorphous High-x Oxides on SiC

Unlike that of thermal silicon dioxide (S5iO,), the growth of high-« oxides on silicon
carbide is much more affected by the quality of the semiconductor surface. In fact, in order
to limit the amount of the interface state density (Dj;), appropriate cleaning of the SiC
surfaces is always required.

A variety of SiC surface-cleaning treatments have been proposed, based either on wet
chemical solutions [44—46] or plasma [47-49]. The most used chemical solutions for SiC
cleaning are combinations of diluted sulfuric acid, hydrogen peroxide, isopropanol, diluted
hydrofluoric acid. Suvanam et al. [46] demonstrated that RCA treatment [45], followed by
HF diluted solution and finally isopropanol, was a good route to improve the interfacial
electrical characteristics of Al,Oj3 films on SiC, obtaining a density of interface states
Dj; = 1.5 x 101" eV~ em~2 at Ec — E; = 0.2 eV below the 4H-SiC conduction band edge,
which was about two orders of magnitude lower than the values found with thermal SiO,.
In regard to plasma treatment before high-«k deposition, H, plasma has been also evaluated
in some works [47—49], since it represents an efficient route for the passivation of dangling
bonds on SiC surfaces. Heo et al. [49] measured promising values of interface state density
(Dit =6 x 102 eV~ em~2 at Ec — E; = 0.2 V) when a 15 min long H; plasma treatment
was performed before deposition and after the post-metallization step.
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As a matter of fact, besides surface treatments before the dielectric deposition, post-
deposition annealings are of great importance to optimize the dielectric properties. Many
parameters can in principle be varied, such as ambient atmosphere, annealing tempera-
ture and time, etc. However, these processing steps must be ultimately compatible with
complete SiC device fabrication, in which, e.g., the formation of metal contacts is achieved
at high temperatures (900-1000 °C) and fixed gas atmospheres (N, or Ar). Generally, a
large number of high-« oxides possess crystallization temperatures of about 400-500 °C,
with Al,O3 being the most thermally stable at up to 800 °C. However, independently of the
chemical nature of the high-k oxide, the annealing process can improve dielectrical proper-
ties. For instance, Wang et al. [50] demonstrated the beneficial effects of high-temperature
annealings (800-1000 °C) performed in O, atmosphere on Al,Oj3 films. In particular, they
showed that although Al,Oj films started crystallizing at 900 °C, capacitance vs. volt-
age (C-V) measurements revealed their improved electrical characteristics (i.e., reduced
hysteresis phenomena). Hence, the authors concluded that annealing at 900 °C repre-
sented the best option in terms of both surface morphology and dielectric quality. On
the other hand, many other papers demonstrated that such high annealing temperatures
induce the formation of a thin stoichiometric or sub-stoichiometric silicon oxide interfacial
layer [33,50-52]. This oxidation phenomenon can have a detrimental impact on the prop-
erties of high-«/SiC interfaces, including in the case of abrupt Al,O3/4H-SiC interfaces
obtained by ALD growth [40,53-55]. In this context, annealing in N atmosphere can be
the preferred solution, although uncontrolled SiOx formation can occur in N, atmosphere
for high annealing temperatures. Moreover, Avice et al. [42] and Khosa et al. [36] showed
that an additional effect of incomplete SiC oxidation was the formation of C clusters if
not enough oxygen was present to enable the out-diffusion of carbon as carbon monoxide.
The formation of the SiOx interfacial layers was observed independently of the annealing
temperature or ambient. In fact, this phenomenon has been observed even in vacuum or
at only 300 °C annealing temperature [55]. Hence, it is expected that the elimination of
residual O, molecules in the annealing ambient is one the key issues for the limitation of
SiOx formation.

In general, most of the reported postdeposition annealing studies were carried out in
oxidizing (O, or N>O) or non-oxidizing (Ar, N, or forming gas) ambient, in the 500-1100 °C
temperature range, and for short (1 min) or long (1-2 h) times. An interaction at the interface
has always been observed by the formation of the silicon oxide layers and carbon clusters.
The control of the chemical nature of the interface products, which in turn strongly affects
the electrical characteristics, is not trivial.

In this context, Schiliro et al. [39,40] reported an interesting comparison between the
properties of Al,Oj3 thin films grown by PE-ALD on bare 4H-5iC and on a 5 nm thermal
Si0, /SiC stack. TEM analyses (shown in Figure 3a,b) showed uniform interfaces and well
adherent films. The surface morphology of the films (determined by AFM) was very similar,
with root-mean-square (RMS) values measured over a 1 um? area of 0.670 nm and 0.561 nm
for Al,O3/SiC and Al,O3/SiO,/SiC samples, respectively.

Though the interface structural quality appears analogous, quite different electri-
cal properties were measured on MOS capacitors. In fact, current vs. voltage (I-V)
measurements (Figure 3d) showed a higher leakage current in the Al,O3/SiC than in
the Al,O3/S5i0,/SiC stack. Furthermore, the breakdown fields, i.e., 5.7 MV /cm for the
Al,O3/SiC and 7 MV/cm for the Al,O3/SiO,/SiC, demonstrated the better electrical
quality obtained by the introduction of the SiO; at the interface. Moreover, the relative
permittivity values, evaluated from the C-V curves (Figure 3c), were ¢ ~ 6.7 and ¢ ~ 8.4 for
the Al,O3/SiC and the Al,O3/5i0;/SiC samples, respectively.

These results can be explained by considering both the larger conduction band offset
between the S5iO, and the SiC substrate (Figure 1b) and the different chemical impact of
the substrate surface on the Al,O3 nucleation process. This latter is schematically depicted
in Figure 4, showing that the presence of the OH species on the SiO, surface favours the
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nucleation process by increasing the number of nucleation sites and the formation of denser
A1203 films.
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Figure 3. TEM images of Al,Oj thin films grown by PE-ALD on 4H-SiC (a) and SiO, /4H-SiC (b) sub-
strates and their relative electrical characteristics in terms of C-V curves (c) and I-V measurements
(d) performed on MOS capacitors. Black and red lines are related to Al,Oj thin films deposited on
5i0, /4H-5iC and 4H-SiC substrates, respectively. Reproduced with permission from [40]. Copy-
right © 2016 WILEY-VCH Verlag GmbH & Co. KGaA.
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Figure 4. Schematic representation of the chemical impact of the different substrate surfaces on the
Al,O3 nucleation processes, in the case of a bare SiC substrate (a) or a SiC substrate with a thin SiO,
layer on the top (b). Reproduced with permission from [40]. Copyright © 2016 WILEY-VCH Verlag
GmbH & Co. KGaA.

Other high-k oxides have been also grown on SiC substrates as thin amorphous films,

such as HfO, [56-58], LayO3 [59,60], TapOs [61], and TiO; [62]. Among these materi-
als, HfO, thin films have been widely investigated because of their superior theoretical
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properties, such as much higher permittivity. However, the main drawback for their imple-
mentation on SiC-based devices is the imperfect alignment of both conduction and valence
band offsets (about 0.7 and 1.74 eV, respectively) with those of SiC. Cheong et al. [56,57]
reported on HfO, films with a very high dielectric constant value (20), but the interface
state density D;; was as high as 2 x 10! eV~! cm~2, which give no advantage with respect
to the SiO, /SiC system. Moreover, very high leakage current densities of 1 mA cm~2 were
already recorded in an electric field as low as 0.3 MVcem ™! by Afanas’ev et al. [58]. While in
this case, the high leakage current could in principle be mitigated by the introduction of a
Si0; layer at the SiC interfaces, a further issue to be considered is the low thermal stability
of HfO; at temperatures higher than 500 °C, when crystallization starts to occur.

In order to maintain the best features of HfO; (i.e., high permittivity) and Al,Os (i.e.,
high crystallization temperature), these two materials have been evaluated in combined
laminated systems.

In this context, some Al,O3/HfO, bilayer systems deposited on thermally oxidized
4H-SiC substrate have been studied, the most complex stack being an Al,O3/HfO, mul-
tilayer laminated system [63]. The Al,O3/H{fO; nanolaminate shown (Figure 5a) had a
total thickness of 38 nm and perfectly distinguishable sublayers, each with thickness of
about 1.4-1.8 nm. After annealing treatment at 800 °C in N, atmosphere, the interfaces
between the sublayers (Figure 5b) became less sharp, and an intermixing process occurred.
Notably, both the as-deposited and annealed samples showed amorphous structures. AFM
investigation pointed to a smooth surface morphology with a low RMS value of 0.6 nm,
which was maintained in the annealed sample. A dielectric constant value of 12.4 was
determined by the accumulation capacitance in MOS capacitors, taking into account of the
5i0; interfacial layer. However, on the as-deposited sample, a high value of oxide trapped
charge (Not) of 2.7 x 1012 cm~2 was found. Nevertheless, after the annealing treatment at
800 °C in N, the nanolaminated stack showed an improvement of the dielectric proper-
ties, since the dielectric constant value increased to 13.4 and the N; value decreased to
1.15 x 10" em 2,

AlLOLIHFO,

Figure 5. TEM image of (a) as deposited and (b) 800 °C annealed Al,O3/HfO, nanolaminate,
deposited onto SiO, /SiC substrate. Reproduced from [63]. Copyright © 2020 Authors.

Few other papers have been dedicated to thin films of simple high-k oxides such as
Lay O3 [59,60], TapOs [61], or TiO; [62], which, when directly grown on 4H-SiC, showed
analogous results as in the case of simple HfO, oxide. Generally, they demonstrated good
dielectric constant values, but their high interface state density and low breakdown voltages
made them still far from possible implementation in real devices.

In summary, among the pure high-« oxides, Al,O3 thin films represent the best
compromise, especially in combination with a very thin SiO, interfacial layer. Some possible
other high-« bilayers, such as HfO,/Al,O3 [64], Y,03/Al,03 [65], or ZrO,/SiO, [66],
exhibited some potentiality, although not many reports have been made available to date,
especially regarding devices.
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In regard to dielectric properties, the relevant results on the electrical performances of
high-k oxides integrated in SiC MOSFETs are reported in more detail in Section 4.

2.2. Growth of Amorphous High-x Oxides on GaN-based Materials

The surfaces of GaN-based materials (GaN, AlGaN, InGaN, etc.) are typically charac-
terized by the presence of large concentrations of defects (e.g., nitrogen vacancies, struc-
tural/morphological imperfections, residual contaminations, etc.) that can result in large
leakage current and low performance and device reliability. Kerr et al. [67] demonstrated
by density functional theory simulations that the defect sites, such as Ga dangling bonds
and Ga-Al metal bonds, are responsible for the formation of states in the band gap. These
interfacial trap states could be removed by annealing procedures before or after gate dielec-
tric deposition. Moreover, especially from the perspective of high-k gate oxide deposition,
the removal of contaminations is crucial for increasing the density of precursor nucleation
sites. Hence, pre-deposition surface treatments are needed to improve high-« oxide quality.
Systematic studies [68-76] have reported on the effect of several pre-treatments, and the
principal cleaning/activation methods have been based on the use of wet chemical solu-
tions [68-72,77,78] or plasma/gas actions [73-76]. Generally, the piranha (H;O,:H,SO4)
solution is used for the cleaning of carbon contaminations, but some oxidation of the nitride
surface can occur [70,71]. On the other hand, chloride acid (HCI) solution is efficient for
the removal of metallic contaminations (eventually present from device processing) or
residual oxygen on the surface. However, chlorine itself could be a residual contamination
of the system [70]. Finally, hydrofluoric acid (HF) treatment is effective for the elimination
of unwanted native oxide formation but is not efficient for carbon contamination [70,71].
Brennan et al. [71] compared the nucleation efficiency of the Al precursor with/without the
cleaning of the surface by sequential use of acetone, methanol, isopropanol, and HF 2% so-
lution. It was clear, from the results of an XPS study after each ALD cycle, that the decrease
in the Ga-O concentration induced by the HF etch resulted in a stronger interaction between
the Al precursor and the Ga surface. Nepal et al. [69] compared the effects of three different
chemical solutions (i.e., piranha, diluted HF, and diluted HC]), finding that: (i) the single
HCl pre-treatment provides 10-30 nm-sized particles, indicating a three-dimensional nucle-
ation; (ii) the HF-based treatments produced an improvement in the electrical behaviour;
(iii) the best dielectric properties, in terms of smaller hysteresis and lower density-trap state
values, were obtained on the piranha-treated surface. Finally, Schiliro et al. [72] showed a
comparison among several chemical solution combinations (i.e., piranha, HCl/ HF, and
piranha/HF). In particular, it was shown that, although the Al,Oj3 thin films treated with
each solution possessed identical structural properties, adherent, uniform, and amorphous,
there were some intrinsic differences depending on the adopted surface pre-cleaning. In
fact, under a TEM electron beam, the films deposited after piranha treatment showed
the formation of polycrystalline grains, while epitaxial layers were formed for samples
deposited after HF based treatments. This was an indication that in the case of HF-based
treatments, the deposition process occurred on a very clean AlGaN surface, which could
act as seed layer for the formation of epitaxial films. Moreover, investigation of the initial
growth stages by AFM demonstrated that the smallest three-dimensional grain nucleation
resulted in deposition on HF-HCl-treated surfaces, which could ensure a cleaner surface in
order to allow ideal layer-by-layer ALD growth.

It could be concluded that the pre-deposition treatments of GaN-based surfaces with
HF cleaning provided Al,Os films with the best dielectric properties [69,71,72].

An alternative route to cleaning by chemical solution is represented by “in situ
cleaning process based on H, /N, (forming gas) or NHj3 plasma actions [68]. The impact of
N; and forming gas on the growth and interfacial characteristics of Al;O3 on AlGaN/GaN
heterostructures was explored by Qin et al. [73], who demonstrated by XPS investigation
that C contamination was effectively reduced by both N, and forming gas plasma. The
latter also decreased the number of Ga-O bonds, improving the Al,O3 nucleation. In regard
to plasma action effects before high-k deposition, the same group contributed with a large

”
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variety of studies [73,75,76]. In particular, the effects of O,, N, and forming gas plasma
annealing were evaluated, comparing the electrical behaviour in terms of interface state
density with the results obtained by XPS analyses. The formation of oxynitride bonds (Ga-
O-N) increased the number of interface defects and that among all the studied treatments,
the forming gas action was the most efficient.

In this context, it has to be emphasized that the semiconductor surface preparation
and the deposition conditions may induce different insulting behaviours after the first film
growth stages. As an example, Schiliro et al. [79] recently reported different behaviour in
the early growth stages of Al,O3 thin films deposited on AlGaN/GaN heterostructures
by thermal or plasma-enhanced ALD. In particular, they provided evidence that the PE-
ALD process occurred under ideal layer-by-layer growth because of the efficiency of the
O;-plasma agent, which acted directly on the Al precursor. On the other hand, the T-ALD
approach resulted in a nucleation process of the Al,Os3 film similar to the island-growth
model and a higher susceptibility to charge trapping [79].

Summarizing, surface preparation prior to high-k oxide deposition is a crucial issue,
including in the case of GaN-based materials, and can be carried out by many procedures.
The aim is the cleaning of C residues, which are detrimental for the oxides’ nucleation,
and the elimination of Ga-N-O bonds, which are the main centres of interfacial electronic
defects. These two issues are generally addressed by non-oxidizing plasma action or by
HF treatments.

3. Epitaxial Growth of High-k Oxides on WBG Semiconductors

While different oxides have been studied as gate insulators on SiC and GaN [15-19],
only some of them can be grown epitaxially on the WBG semiconductor single-crystal
surface [23-25,80-84]. The epitaxial growth of high-k oxides on WBG semiconductor
substrates can offer some advantages. Generally, the principal improvement is related to
better saturation of interface unbonded atoms. In particular, the most commonly used
SiC and GaN polymorphs for microelectronics applications possess the wurtzite structure,
with hexagonal surface atomic arrangements. However, though in principle this strategy
can be applied to both SiC and GaN technologies, practical studies have been performed
mainly on GaN-based substrates. In fact, the few studies of epitaxial high-«x materials on
SiC substrates were limited to y-Al,Os phase films [80] and direct growth of NiO thin films
by metal organic chemical vapour deposition (MOCVD) [81]. The y-Al,O3 phase films
were initially grown by Tanner et al. [80] by the ALD process as amorphous layers, and the
epitaxy on 4H-5iC substrate was obtained under a post-annealing crystallization process
at a very high (1100 °C) temperature. The epitaxy was observed for the alignment of the
v-Al,O3 (111) planes with the (001) 4H-SiC substrate, having a lattice mismatch of about
8.8%. On the basis of the performed reflection high-energy electron diffraction analysis, the
(111) y-Al,O5 oriented films showed quite good structural properties for film thickness up
to 20 nm, even though some twinned grains were present. Moreover, upon increasing the
film thickness, the crystallization process was no more efficient, and amorphous regions
were observed under TEM investigation.

Epitaxial NiO films, by contrast, have been directly grown onto 4H-SiC epilayers at
the deposition temperature of 550 °C [81,85]. A high-resolution TEM micrograph of the
NiO/4H-SiC interface (Figure 6a) confirmed the presence of an axially-oriented (111) NiO
film, but a “non-ideal” interface was observed, because a discontinuous amorphous SiO;
layer was detected, probably formed during MOCVD growth. Furthermore, the presence
of Moiré fringes generated by the superposition of twinned NiO grains was observed.
The C-V characteristics of NiO/4H-SiC capacitors (Figure 6b) were used to calculate the
dielectric constant, the value of which, at 6.2, was much lower than the theoretical 11.9.
This result was justified by the presence of the discontinuous silicon oxide interfacial layer.
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Figure 6. (a) High-resolution cross-section TEM image of a NiO film deposited by MOCVD on 4H-SiC
at 500 °C; (b) C-V curve acquired on a NiO/4H-SiC MOS capacitor. Reproduced with permission
from [81]. Copyright © 2013 Elsevier Ltd.

More studies on growing epitaxial oxides have been carried out on GaN-based ma-
terials. The materials under investigation comprise some lanthanide oxides, such as
gadolinium [82], scandium [83,84], and lanthanum [83] oxides, as well as nickel [23,24,81]
and cerium oxides [25,81]. The lanthanides oxides possess bixbyite symmetry, while NiO
and CeO, are face cubic centred (fcc) oxides. However, the (111) planes of the latter two
possess a hexagonal oxygen structure, which is suitable for epitaxy with the (0001) GaN
superficial planes. Their structural and physical properties are summarized in Table 3.

Table 3. Physical and structural properties of high-« oxides epitaxially grown on GaN.

Oxide Dielectric Constant Lattice Constant (A)  Mismatch to (0001) GaN (%) Deposition Technique Ref.
Gd,O3 9 10.813 20.1 MBE [82]
Scy03 13-14 9.845 9.2 PVD and MBE [83,84]
La,O3 18-27 4211 6.5 MBE [83]
CeO, 15-26 5411 6 MOCVD [25,81]
NiO 119 4177 5 Thermal oxidation or MOCVD [23,24,81]

The epitaxial growth of Sc;O3 thin films was performed on a GaN substrate at about
700 °C by the pulsed laser deposition (PLD) technique [84]. Herrero et al. [84] demonstrated
that the most critical deposition parameter to obtain perfectly stoichiometric and epitaxial
ScyO5 thin films was the oxygen partial pressure. In particular, above 50 millitorr oxygen
partial pressure, more than one preferential growth direction was observed. The epitaxial
growth of Sc,O3 was also evaluated by Jur et al. [83] by the MBE technique. Their investi-
gation extended to LayO3, which in principle can provide a dielectric constant of 26 in its
hexagonal structure. Nevertheless, La,O3 growth was demonstrated not to be trivial, since
Lay O3 is a hygroscopic material and tends to form an amorphous layer at the interface
with the GaN substrates. Nevertheless, the authors demonstrated that it was possible to
inhibit the water diffusion by the introduction of a thin Sc,O3 layer between GaN and the
growing La,Oj3 films. The MBE technique was also used for the growth of Gdy O3 epitaxial
gate oxide on an AlGaN/GaN heterostructure [82]. Sakar et al. [82] showed the impact of
a Gd,O3 epitaxial oxide layer on the electrical performance of an HEMT device. Gd,O3
films were deposited at 650 °C. The authors demonstrated that the Gd,O3 layer underwent
phase transition upon increasing its film thickness. The first layers, up to about 3 nm,
possessed hexagonal structure, which changed to monoclinic phase when the thickness
of 15 nm was reached. This phase transformation had a great impact on the electrical
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properties, especially in terms of interface trap density, which showed a minimum value of
2.98 x 102 cm~2 eV~! in Gd, O3 film 2.8 nm thick. The authors’ conclusion was that the
epitaxial lattice strain also positively affected the two-dimensional electron gas density at
the AlGaN/GaN interface by about 40%.

Nickel and cerium oxides (NiO and CeO,) have also been deposited onto AlGaN/GaN
systems. The first report on NiO-oriented film as a gate insulating layer in AIGaN/GaN
devices was related to thermal oxidation of Ni metal layers [86]. In particular, the fabrication
process relied on a heating treatment, in the 300-600 °C temperature range for 5 min in
air ambient, of a 10 nm-thick Ni metal layer. Besides the observation of a colour change
from the dark Ni metal layer to the transparent NiO film, no details were provided on the
structural or compositional characteristics of the formed NiO layers. Generally, the thermal
oxidation of Ni metal layers can lead to the formation of voids in the oxide layer and/or
of randomly oriented films, since the process initiates at the grain boundaries and then
expands in all directions. The growth kinetics of NiO film seem to depend on the texture
and crystallite size of the initial Ni metallic layer [87]. It has been shown that the strong
(111) texture of the Ni layer results in slow NiO growth. These slow oxidation kinetics are
related to the stronger resistance to oxidation of the Ni (111) planes [88]. Therefore, the NiO
growth proceeds mainly from other crystallographic planes, mostly located at the grain
boundaries. Indeed, most of the Ni grains have a (111) texture. This nonuniform growth
results in increased surface roughness after oxidation.

The growth of NiO and CeO; thin films on AlGaN/GaN heterostructures was carried
out by MOCVD at 500 °C [23-25]. TEM analysis demonstrated the formation of 16 nm-thick
NiO (Figure 7a,b) and 20 nm-thick CeO, (Figure 7c,d), both compact and uniform films.
Since no intermediate layers were visible at the interface, the occurrence of any interaction
and/or oxidation of the substrate during the growth process was ruled out. Moreover, the
(111) NiO planes were perfectly parallel to the (0001) planes of the AlIGaN/GaN substrate.

Ce0,

AlGaN 10 nm

Figure 7. High-magnification cross-section TEM images (a) and in-plane SAED patterns (b) of NiO
thin film deposited by MOCVD on AlGaN/GaN heterostructure at 500 °C. High-magnification
cross-section TEM image (c) and in-plane SAED patterns (d) of CeO, thin film deposited by MOCVD
on AlGaN/GaN heterostructure at 500 °C. Panel (a): reproduced with permission from [23]. Copy-
right © 2012 AIP Publishing; Panel (d): reproduced with permission from [25]. Copyright © 2013
AIP Publishing.
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The selected area electron diffraction (SAED) pattern (Figure 7b) indicated that the
external spots related to the NiO were perfectly aligned to the internal ones from the AlGaN.
In particular, the white spots at 2.77 A and 1.59 A plane distances could be related to the
(100) and (110) AlGaN/GaN planes and represented the typical 0001 zone axis pattern for
a hexagonal single crystal, while the red spots forming the hexagonal pattern at 1.47 A can
be related to the (220) NiO plane; thus, only the 111 NiO zone axis is visible. The NiO spots
are perfectly aligned to the AlIGaN/GaN spots at 1.59 A. Hence, it is possible to conclude
that an epitaxial growth of the (111) NiO planes on the (0001) substrate plane occurred. The
occurrence of the epitaxial growth can be explained by considering the threefold symmetry
of the (111) NiO, which makes possible an epitaxial relationship between the hexagonal
(0001) planes from the AlGaN substrate and the (111) planes of the NiO film. In particular,
the lattice mismatch between the two hexagonal arrangements from the NiO and AlGaN,
calculated from the electron diffraction images, was about 5%. Moreover, it is worth
noting that the XRD peak position of the NiO (111) reflection was very close to that of bulk
NiO, thus indicating that relaxed NiO thin films with strong diffraction intensity could be
obtained under the described operating conditions. Hence, it can be concluded that NiO
deposited samples were epitaxial and stress-free films and possessed excellent interface
quality. TEM analysis also defined the structural relationship between the deposited CeO,
films and the AlGaN/GaN substrate. A TEM cross-section image showed the formation
of 20 nm-thick CeO; film and an almost perfect film/substrate interface (Figure 7c). The
presence of differently oriented grains is evident, as can be deduced by the appearance of
Moiré fringes. In-plane SAED was also recorded, and diffraction patterns of three different
zone axes were visible. The 0001 zone axis pattern of the substrate is represented by the
white circles in Figure 7d. The CeO, SAED pattern demonstrated that the CeO, film grew
along two different orientations, namely, the (111) and (100) directions. In fact, the 111 zone
axis pattern is represented by the red spots lying at 1.93 A plane distances, and the 100 zone
axis pattern is represented by dots lying at the vertex and at the centre of each side of the
yellow squares at 1.93 A and 2.70 A plane distances, respectively. The 100 CeO, zone axis
is represented by three equivalent configurations 30° rotated in the plane.

Hence, the NiO films (111) epitaxially grew on (0001) AlGaN/GaN substrate, while
the CeO; film was not a single crystal epitaxial layer but formed by two sets of differently
oriented grains (namely, (111)-oriented and (100)-oriented grains) aligned in the (0001)
substrate plane of AlGaN.

The electrical characteristics of the oriented NiO and CeO, thin films allowed deter-
mining their experimental permittivity values. In fact, from the analysis of the C-V curves,
it was possible to estimate permittivity values of 11.7 and 26 for NiO and CeO, films,
respectively. These values were very close to those of the NiO and CeO; bulk permittivity
(11.9 and 26) and properly higher than that of AlGaN alloys. These good values were
probably due the oriented growth of the two films, which represented almost an “ideal”
bulk system, in contrast to amorphous and/or polycrystalline films, which generally show
lower values with respect the bulk materials.

Another key parameter to be considered in dielectric material integration onto WBG
semiconductors is the effective density of the trapping states. The maximum of the trapping
states determined in the AlGaN/GaN metal insulator semiconductor (MIS) diodes were
5 x 102 ecm~2eV~! for the CeO; films and 6 x 10! cm~2eV~! for the NiO films. The
trapping states of the CeO, were higher than those of the NiO, which could be attributed
to the better structural characteristics of the NiO/AlGaN interface. While (111) NiO thin
insulating layers seem to be an appealing choice as an epitaxial gate oxide, their integration
into a real transistor has not been attempted yet.

4. Application of High-x Oxides as Gate Dielectrics in SiC and GaN Transistors

As already mentioned in the introduction, most powered electronic devices based on
silicon have used silicon dioxide (5iO,) as a gate dielectric. However, the use of SiO; in
modern devices based on WBG semiconductors can be a bottleneck for the full exploitation
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of the intrinsic properties of these materials because of the low value of the dielectric
permittivity of SiO,.

Figure 8 shows the schematics of common insulated gate transistors based on wide
band gap semiconductors (SiC and GaN), i.e., a 4H-S5iC metal oxide semiconductor field
effect transistor (MOSFET) (Figure 8a), an AlGaN/GaN metal insulator semiconductor
high electron mobility transistor (MISHEMT) (Figure 8b), and a recessed gate hybrid
AlGaN/GaN MISHEMT (Figure 8c).

@ 4u-sic Power MOSFET ) AlGaN/GaN MISHEMT () Recessed gate

Source

P«Ir N«I-

hybrid MISHEMT

Metal Metal
Gate oxide

Gate oxide

GaN GalN

Buffer Buffer

Silicon Silicon

Figure 8. Schematic cross section of (a) a 4H-SiC power MOSFET, (b) an Al1GaN/GaN MISHEMT,
and (c) a recessed gate hybrid MISHEMT.

A first advantage of using a high-« dielectric in a power device is related to the
distribution of the electric field at the gate dielectric region. In particular, according to
Gauss’s law, the electric field in a gate dielectric Eins that is placed on a semiconductor
substrate, e.g., in the gate of a transistor, is given as:

Ks
Eins =

_— @
where ks and kg are the relative dielectric permittivity values of the semiconductor and
insulator, respectively, and E; is the electric field in the semiconductor [89].

Considering as an example that the relative dielectric permittivity of 4H-SiC is 9.7 while
that for SiO; is 3.9, according to Equation (1), the electric field in the gate oxide is about
a factor of 2.5 times that in the semiconductor. Hence, when the critical electric field of
4H-SiC is reached, the maximum electric field in the oxide exceeds 9 MV /cm, thus meaning
that the insulator is subjected to a significant stress, and the device reliability is penalized.
In recognition of this problem, it has been proposed to replace the conventional SiO, gate
dielectric by a high-k insulator, with a permittivity comparable to that of SiC, so that
the electric field in the gate dielectric would become closer to that in the semiconductor.
In this way, the maximum electric field in the gate dielectric could be reduced, which
should be satisfactory for reliable device operation. Moreover, the changes in the electric
field distribution have a strong impact on the drift layer thickness required to sustain
the targeted drain bias. In fact, using a high-permittivity gate dielectric allows using
the optimal semiconductor drift region for the targeted breakdown, thus minimizing the
specific on-resistance of the device.

Moreover, considering always the case of a SiC MOSFET (Figure 8a), the total specific
on-resistance Ronsp of the device is given by the sum of different contributions [89]:

Ronsp = Ren + Ra + Ryper + Rarit + Roub ()

where R, is the channel resistance, R, is the accumulation region resistance, Rjggr is the
resistance of the JFET region, Ry is the resistance of the drift region after the current
spreading from the JFET region, and Ry, is the resistance of the n-type doped substrate.
R, and Rjpgr can be minimized by appropriately scaling the device layout, and Ry,
can be reduced by thinning the substrate. Hence, the control of the channel resistance
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contribution Ry, is a critical point in 4H-S5iC MOSEFET fabrication. In particular, the channel
resistance contribution Ry, is given by:

(Lch'p)
R4 = 3
ch HinyCox (VG - Vth) ®)

where p is the pitch of the MOSFET elementary cell, L, is the channel length, pj,y is the
mobility for electrons in the channel (inversion layer), Cox is the specific capacitance of the
gate oxide, Vy, is the threshold voltage, and V is the applied gate bias. The gate oxide
capacitance term Coy increases with the insulator permittivity. Hence, it has a direct impact
on the channel resistance and ultimately on the device’s total resistance.

As pointed out by theoretical works [89,90], the use of high-k is ideally desirable for
future application in trench MOSFET technology [91].

One of the interesting features of the GaN semiconductor and its related AlGaN alloys
is the possibility of growing AlGaN/GaN heterostructures. AlGaN/GaN heterostruc-
tures are characterized by the presence of a two-dimensional electron gas (2DEG) formed
at the interface and possessing a high sheet charge density (in the order of 10* cm~2)
and a high mobility (above 1000 cm?V~!s71) [92,93]. Moreover, GaN-based materials
have a high critical electric field (above 3 MV /cm). Thanks to these unique properties,
high-electron mobility transistors (HEMTs) based on AlGaN/GaN heterostructures with
excellent performances have been demonstrated in recent years and are suitable candidates
for high-frequency applications [94,95]. These devices are based on a Schottky barrier at
the gate electrode to modulate the channel current. However, particularly for high-voltage
applications in which the gate electrode is strongly reverse biased with respect to the drain,
a high gate leakage current at the Schottky junction can limit the performance of these
transistors [96]. Hence, a dielectric must be introduced under the gate in order to reduce the
leakage current, creating a metal-insulator-semiconductor high-electron mobility transistor
(MISHEMT), as schematically shown in Figure 8b. In this case, however, the choice of
the gate dielectric represents a key issue for improving device performance [21,97,98] and
optimizing the parasitic capacitance and the gate leakage current [19,99].

Similarly, the benefits of using high-k materials on the characteristics of insulated gate
transistors in SiC and GaN can be understood from the theoretical calculations shown
in Figure 9a,b. In particular, Figure 9a shows our calculation of the threshold voltage as
a function of the thickness of different high-k dielectrics for 4H-SiC MOSFETs. As the
gate dielectric thickness is increased to reduce the gate leakage current, the threshold
voltage of the device (Vy,) also increases. Hence, while an improvement in the off-state
characteristics of the MOSFET is achieved, this is accompanied by a degradation in the on-
state performance. However, using high-« dielectrics as insulating gate materials instead
of the conventional SiO,, the rate of increase in the threshold voltage with the dielectric
thickness is reduced. In this way, the leakage can be reduced, with a minor side effect on
the output current.

Figure 9b shows the calculation of the threshold voltage of a GaN-based MISHEMT
as a function of the gate dielectric layer thickness of different high-k insulators. In this
case, the Vy, of the device is negative because of the inherent normally-on nature of these
devices [92]. The negative value of Vy, increases with increasing thickness of the gate
insulator. However, the rate of this negative shift is reduced with increasing dielectric
permittivity [100]. Hence, the use of high-« gate insulators in GaN-based MISHEMTs is
beneficial for reducing the power consumption of the devices.
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Figure 9. Calculated threshold voltage of SiC MOSFETs (a) and AlGaN/GaN MISHEMTs (b) as a
function of the gate insulator layer thickness for different high-« materials. Panel (b): reproduced
with permission from [100]. Copyright © 2014 WILEY-VCH Verlag GmbH & Co. KGaA.

4.1. Binary High-x Oxides in 4H-SiC MOSFETs

Since the band gap for SiC is three times larger than that for Si, the band offset at the
510, /SiC interface is smaller than that in the SiO; /Si system. Hence, in SiC MOS-based
systems, a higher tunnelling current than in Si is expected for a given oxide thickness [8].

Because of its high permittivity (20), hafnium oxide (HfO,) has been widely used in
Si technology. Hence, this material has attracted also the attention of the SiC scientific
community. In particular, the investigation started by studying the electronic structure
of the HfO, /SiC interface [101]. However, it was clear that HfO, alone is not suitable for
S5iC because of the low conduction band offset (in the range 0.5-0.7 eV)) at the HfO, /SiC
interface, which may not provide an adequate barrier height for electron injection from
the substrate [101,102]. Because of the intrinsic limitation of the band alignment, attention
moved to the study of the HfO, /SiO, /SiC system [102].

Moreover, other high-k binary oxides with larger band gaps and more favourable
band alignment with SiC, such as Al,O3 [101], La;O3 [59,103], and ZrO; [104,105], have
been investigated.

In general, in order to mitigate the fundamental limitations of high-k binary ox-
ides, the introduction of a SiO, interlayer between the high-k material and SiC is often
adopted [58,102].

A good survey of the literature on high-« dielectrics for SiC was recently reported by
Siddiqui et al. [106].

As described before, using high-k dielectrics in 4H-5iC MOS-based devices can be
beneficial to fully exploit the properties of the material and reduce the device’s on-resistance.
However, combined interaction with the SiOx layer can give further improvements. As an
example, high channel mobility in 4H-5iC MOSFETs with Al,O3 gate insulators fabricated
at low temperatures by MOCVD (64 cm?V~1s71) can be obtained when the Al,O3 gate
insulator is deposited at 190 °C. According to Hino et al. [107], this result could be further
improved up to an extremely high field-effect mobility of 284 cm?V~!s~! when the 4H-SiC
MOSFET was fabricated with an ultrathin thermally grown SiOx layer inserted between
the Al,O3 and SiC interface [107].

On this particular aspect, the impact of a thin SiO, layer thickness inserted between
Al,O3 and SiC on the channel mobility in Al,O3/SiC MOSFETs was investigated by
Hatayama et al. [108]. They demonstrated that the peak value of the field-effect mo-
bility in Al,O3/Si0;/SiC MOSFETSs could reach 300 cm?V~!s~! for an SiO, thickness of
1 nm. On the other hand, when the SiO; layer increased up to 2 nm, the field-effect mobility
drastically reduced to 40 cm?V~1s~1 [108], as illustrated in Figure 10.

Another possible approach is employing a semiconductor surface treatment prior to
gate insulator deposition. Lichtenwalner et al. [43] reported the use of a NO annealing at
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1175 or 1100 °C for 20 min of a 4H-5iC semiconductor in an attempt to control the interface
state density D;; This procedure allowed obtaining a peak field-effect mobility in 4H-SiC
MOSFETs of 106 cm?V~1s~! using an Al,Os film deposited by ALD as gate dielectric with

postdeposition annealing at 400 °C for 30 s.
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Figure 10. (a) Comparison between the field-effect mobility obtained in 4H-MOSFETs fabricated
using Al,Oj3 insulators with and without an ultrathin thermally grown SiOx layer inserted between
the Al,O3 and SiC interface. (b) Peak value of the field-effect mobility obtained using SiOx layers
with different thicknesses. The data are taken from [107,108].

However, a key aspect is the channel mobility at the operative gate bias. In fact,
the remarkable peak values of the field-effect mobility are often accompanied by a rapid
decrease due to an increase in the gate bias close to the value at which the device should
operate. This particular phenomenon can be understood analysing the single components
limiting the channel mobility. As an example, a rapid decrease in the field-effect mobility
is associated with a dominant phonon-scattering mechanism, while a smooth decrease
with an increase in the gate bias is associated with coulombic scattering [109,110]. In
particular, Arith et al. [111] demonstrated a process for forming aluminium oxide (by ALD)
as a gate insulator in 4H-SiC MOSFET that did not involve the insertion or formation of
5i0; at the interface, eliminating traps that may be present in SiO;. This was achieved
with hydrogen plasma pre-treatment followed by annealing in forming gas. Hydrogen
treatment was effective at reducing Dj; at the interface of aluminium oxide and SiC without
a SiO, interlayer.

Clearly, because of the large differences in the mobility behaviour of the MOSFETs
processed under different conditions, this topic has been strongly debated. In particular,
Yoshioka et al. [47] demonstrated optimization of the interface of aluminium oxide and SiC
without a SiO; interlayer, resulting in a low Dj; for the metal oxide semiconductor (MOS)
capacitor of 1.7 x 10'2 cm2eV~! at Ec — E¢ = 0.2 eV and a peak field-effect mobility of
57 cm?V~1s~1 that was quite constant with the variation of the gate bias. Other works
have tried to figure out the right combination of semiconductor surface pre-treatments
and postdeposition annealing in order to improve the electrical properties of Al,O3/SiC
interfaces [41,46].

Other processing steps have been explored to improve the performance of 4H-5iC
MOSEFETs, e.g., by appropriate manipulation of the SiO,/SiC interface. In particular,
Yang et al. [112] deposited 30 nm of SiO, by ALD and subsequently performed a postdepo-
sition annealing (PDA) in a nitrous oxide (N,O) ambient. The highest electron mobility of
26 cm?V~1s~! was achieved by performing PDA at 1100 °C for 40 s. The gate oxide could
withstand effective fields up to 6 MV /cm within a leakage current range of 1 x 1077 A/cm?.
This value of maximum electric field was small compared to that of thermally grown SiO,,
which can typically withstand up to 10 MV /cm. In another work, Yang et al. [113] inserted
1 nm of lanthanum silicate (LaSiOx) between ALD-deposited 5iO, and 4H-SiC to form a
gate stack. Peak mobility of 132.6 cm?V~!s~! was found, with three times larger current
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capability compared to gate oxide without La,O3, but no field oxide data were given.
Figure 11 shows a summary of the discussed results.
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Figure 11. (a) Comparison between the field-effect mobility obtained in 4H-MOSFETs fabricated
using Al,Oj insulators with the insertion of ultrathin thermally grown or nitridated SiO, layers.
(b) Comparison between the field-effect mobility obtained in 4H-5iC MOSFETs fabricated using SiO,
insulators with the insertion of ultrathin La,O3 layer. The data are taken from Refs. [43,111,113].

It has to be mentioned that ternary insulators have also been investigated for MOSFET
application in 4H-SiC. In particular, AION films provided interesting and reliable results
both in MOS and MOSFET applications [114-116]. However, ternary elements are not the
focus of this review.

Very recently, Jayawardhena et al. [117] pointed out the relevance of the appropriate
pre-treatment of the semiconductor to achieve reliable and stable electric characteristics
by employing ALD Al;O3 films directly in contact to the bare 4H-SiC surface with no
interlayers. In particular, their best results were obtained with the preparation of a nitrided
surface via NO annealing, i.e., a process known to passivate surface defects, and a hydrogen
exposure followed by Al,O3 deposition on the bare 4H-SiC surface [117].

A summary of the most relevant 4H-5iC MOSFETs with different high-« gate dielectrics
is reported in Table 4.

Table 4. Survey of literature data on 4H-5iC MOSFETs with different high-« gate dielectrics.

Gate Insulator Thickness (nm) Vi (V) prg (cm?V-1s-1) Dj; (em—2eV) at Ec — E; =0.2 eV Ref.
Al,O3 35 2.8 64 8 x 101 [108]
AlLO3 33 05-3 52 1 x 10! em~2 (integral) [117]

35+2 2.8 18 8 x 101 [108]

movnsor 5107 B o it i

25+ 1.8 0.8 106 - [43]

SiO; on Lay O3 30+1 3 132 - [113]

AION 60+ 10 >0 26.9 1 x 101 [115]

4.2. Binary High-x Oxides for GaN-based MISHEMTs

Standard AlGaN/GaN MISHEMTs (see Figure 8b) are obtained by insertion of the
dielectric between the metal gate and the AlGaN layer. The introduction of the gate
dielectric, instead of a standard Schottky barrier gate, gives the advantage of reducing the
leakage current that could limit the off-state and the gate voltage swing of the device [118].
A typical example of gate current reduction observed in HfO, or CeO, MISHEMTs is
displayed in Figure 12a. Indeed, a gate leakage reduction of several orders of magnitude
can be observed in both forward and reverse characteristics. This achievement allows a
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higher voltage swing in the device, which in turn results in a higher maximum drain current
saturation value (Ipsmax)- Another great advantage is the very high Ion/Iopr current
ratio. Indeed, high Ion/Iorr current ratios between 10° and 108 have been reported in
AlGaN/GaN MISHEMTs. In Figure 12b, the Ion /Iopr current ratio was plotted as function
of the Ipgmax. Interesting, two families of MISHEMTs can be observed depending on the
leakage current level. Despite their non-outstanding Ipsmax, some devices can exhibit very
high Ion/Iopr current ratios because of their very low leakage current. On the other hand,
in other cases, despite slightly higher leakage current, extraordinary Ipgmax values have
been demonstrated. Table 5 summarizes a survey of the most promising results obtained
in normally-on AlGaN/GaN MISHEMTs using different high-k dielectrics. Indeed, not
only are Al,O3 [119-121] and HfO, [122-125] indicated as suitable dielectrics, but many
other gate oxide layers (Y203 [126], HZO [127], Ta;Os [128], La;O3 [125], ZrO; [129-131],
Gd,O3 [132]) have shown promising results when integrated into GaN HEMT technology.
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Figure 12. (a) Comparison of the gate current-voltage characteristics of AlGaN/GaN HEMTs (Schot-
tky gate) and MISHEMTs employing HfO, and CeO, gate insulators. The data are taken from [25,118].
(b) Ion /Iopr versus Ipgmax for MISHEMTs using different gate oxides. The data are taken from Table 6
and references therein.

Table 5. Survey of literature data on normally-on AlGaN/GaN MISHEMTs with different high-«
gate dielectrics.

Dielectric Thickness (nm) Vi (V) IDmax (MA/mm) IG.jeak (MA/mm) Ion/loFr Ref.
ALO 25 -7.0 150 5.0 x 1075 3.0 x 10° [119]
23 15 -7.0 750 8.0 x 1075 1.0 x 108 [120]

30 —8.0 40 1.0 x 108 3.0 x 1010 [121]

20 —1.1 440 22 %1077 1.0 x 1010 [122]

HfO 12 -8.0 386 1.1 x107° 1.1 x 10° [123]

2 23 —6.0 830 3.0 x 1076 3.0 x 108 [124]

8 -37 585 6.5 x 1075 6.9 x 10° [125]

Y,03/HfO, 1/12 -5.0 600 3.0 x 107° 6.0 x 101 [126]
TayO5 24 -9.7 600 1.0 x 1072 6.0 x 107 [128]
LayO3 8 -29 409 1.0 x 107* 9.7 x 10° [125]
30 -7 1168 5.4 x 10~* 2.3 x 107 [129]

7rO, 10 —42 900 2.0 x107* 45 % 100 [130]
10 -39 790 3.0 x 1075 2.6 x 107 [131]

HfZrOy 20 —12 705 6.0 x 107* 1.0 x 107 [127]
Gd,03 4 —6.5 700 1.0 x 107 3.5 x 107 [132]
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A relevant concern often characterizing the behaviour of high-« binary oxides is the
occurrence of charge-trapping phenomena upon bias stress [39], which can be the cause
of reliability issues in GaN insulated gate transistors. Nevertheless, the electron trapping
inside the Al,O3 gate insulator in GaN MISHEMTs can be used to intentionally induce
a positive shift in the threshold voltage and finally obtain a normally-off operation [121].
In this context, Fiorenza et al. [133] recently studied the temperature stability of these
effects, demonstrating the presence of two competitive electron trapping/de-trapping
mechanisms in Al,Oj films, which were likely related to the presence of oxygen vacancies
in the material.

Slightly different is the case of normally-off recessed gate hybrid MISHEMTs (see
Figure 8c). In this case, the AlGaN layer below the gate region is removed, interrupting the
2DEG channel and resulting in a positive threshold voltage. The gate region is formed by a
metal/oxide/GaN (MOS) interface, which requires a positive gate voltage to accumulate
electrons at the oxide/GaN interface to restore the channel device. Though this approach
seems to solve the crucial issue of normally-off behaviour, the complexity of these systems
generates additional concerns. As an example, the lack of a 2DEG channel in the gate
region causes a notable increase the channel resistance, leading to a high final on-resistance
(Ron) and a reduced Ipgmax. To avoid this problem, it is very important to achieve high
electron mobility values [134]. Hence, the oxide/GaN interface quality is clearly a key
aspect to ensure a high mobility, as are the morphology of the recessed gate region and
the presence of electrically active defects [135]. In this context, the choice of dielectric
gate becomes crucial. The use of SiO, resulted into a poor interface quality displaying
fast (interface) and slow (border) traps [136]. Dielectrics such as AIN [137], SiN [138], and
their combination [139] have been also investigated as beneficial solutions to passivate
surface N-vacancy, especially after recess etching damage in the gate region [140]. However,
despite the good quality of the achieved interface and improved electron mobility, it was
very difficult to obtain positive threshold voltages Vy, well beyond the zero [137]. For these
reasons, an increasing number of studies are focused on high-permittivity binary oxide
layers for normally-off behaviour of AlGaN/GaN MISHEMTs. Table 6 shows the most
promising results obtained in recessed gate hybrid MISHEMTs. ALD-deposited Al,O3
is one of the most diffused solutions for normally-off recessed gate hybrid MISHEMTs
[141-147]. However, an excessive threshold voltage instability has been observed for Al,O3
gate insulators [121,148]. This phenomenon has been attributed to the large number of
negative fixed charges incorporated in the gate stack [148,149]. As an alternative solution,
ALD gate oxides with even higher dielectric constants, such as HfO, [150] or ZrO, [151-153],
have been investigated for normally-off recessed MISHEMTs. Furthermore, in this case,
trapped or fixed charges result in Vy, instability issues. Other opportunities have been
found in ternary oxide layers, such as HfSiOy [154] or LaHfOx [155].

Another important challenge in normally-off recessed gate hybrid MISHEMTs is the
possibility of obtaining a very high saturation current Ipgmax With a well positive Vi, value.
In Figure 13, experimental values of Ipgmax are plotted as a function of the threshold voltage
V. However, the values of Ipgmax seem to decrease in correspondence with an increase in
Vi, thus suggesting the existence of a trade-off between a high output current and a more
positive threshold voltage. In this context, a partial recession of the AlGaN barrier layer
has also been explored to realize normally-off hybrid MISHEMTs. In this way, a higher
2DEG channel density is obtained. On the other hand, a more uniform and accurate AlGaN
etching process is required to obtain a positive threshold voltage and normally-off devices.

Finally, to achieve normally-off behaviour in GaN-based HEMTs, the use of appropri-
ate gate oxides with p-type semiconducting behaviour has been proposed. In fact, similarly
to the most diffused p-GaN gate approach [156], the use of a p-type semiconducting oxide
can lift up the conduction band at the AlIGaN/GaN interface, resulting in the depletion of
the 2DEG. By applying a positive gate bias Vg, it is possible to realign the conduction band
of the structures, restoring the 2DEG and the channel conduction. Among these p-type
semiconducting oxides, oxides such as NiO and CuO have been taken in consideration for
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normally-off HEMT fabrication [157-159]. The origin of the p-type doping of these oxides
is still debated. The existence of negatively charged Cu or Ni vacancies and the presence of
interstitial oxygen [160,161] have both been considered as possible causes. Moreover, the
possibility of epitaxial CVD growth on an AlGaN or GaN template makes this approach

for threshold voltage engineering in GaN technology interesting [23].
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Figure 13. Ipgmax versus Vy, value for recessed hybrid MISHEMTs using different high-«k binary gate

oxides. The data are taken from [141-147,150-153].

Table 6. Survey of literature data on normally-off recessed gate hybrid MISHEMTs with different

high-« dielectrics.

Dielectric Thickness (nm) Vg (V) Mobility (cm?/Vs) Ron (Omm or mQcm?)  Ipss (mA/mm) Ref.
30 2 225 7.8 Omm 353 [141]
38 3.5 55 27 Omm 336 [142]
10 1.7 251 9.8 Omm 528 [143]
Al,Os 20 29 148 7.2 Omm 585 [144]
30 3.5 170 9.5 Omm 355 [145]
30 2.5 192 9.6 Omm 620 [146]
23 0.4 396 13.3 Omm 356 [147]

1.8 (partial recessed) 876 5.2 mQcm? 411
HfO, 150
2 30 3.6 (total recessed) 118 12.2 mQcm? 146 (150]
HfSiOy 15 2.2 520 10.1 Omm 519 [154]
LaHfOy 8 0.35 9.4 Omm 648 [144]
20 3.99 210 24 Omm 286 [151]
ZrO, 23 2.2 (partial recessed) 850 9.2 Omm 590 [152]
16 1.55 (partial recessed) 1450 7.1 Omm 730 [153]

5. Conclusions

High-permittivity binary oxides for silicon carbide (SiC) and gallium nitride (GaN)
electronic devices have attracted significant interest in the last decade because of the po-
tential benefit they can bring in the device performances. In particular, special attention
has been placed on the most suitable deposition techniques for their synthesis and on their
implementation in real device fabrication, in which all the processes must be compatible
with industrial environments and scalable to large areas. Surely the most widely inves-
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tigated binary oxide is Al;Os, as well as its combination with HfO, and other materials.
In fact, Al,O3 provides a good compromise among all the basic physical properties to
be fulfilled by the gate dielectric for wide band gap semiconductors, namely, a dielectric
constant close to that of the semiconductor, a large band gap, an appropriate band offset,
a high critical electrical field, and good thermal stability. On the other hand, HfO, and
other oxides possess higher dielectric constants than Al,O3, but their band alignments and
crystallization temperatures represent a concern in application. The most affirmed method
for their synthesis has been demonstrated to be the ALD approach, which can be considered
the deposition technique of choice for the fabrication of very thin films with high uniformity
and conformal growth on large areas. All these capabilities render ALD as very appeal-
ing for industrial implementation. In this context, beyond the fundamental study on the
impact of the deposition parameters on the films” properties, the pre- and post-deposition
conditions are relevant features for the development of a reliable high-k technology for
5iC and GaN. Cleaning treatments before high-« thin film deposition, e.g., based on wet
chemical solutions are the most suitable approach for both SiC and GaN substrates in order
to limit the creation of interface defects. In spite of the “gentle” nature of the wet cleaning,
interface states, as well as fixed charges within the binary oxides, still represent a great
concern in practical applications. Hence, post-deposition and post-metallization annealing
treatments need to be optimized in order to achieve the desired device performance. A
common problem in SiC technology is the formation of an uncontrolled SiOx layer at the
interface as well as residual carbon. Hence, the intentional Al,O3/SiO, combination has
been proposed as a possible solution, although the presence of the SiO; interfacial layer
partially reduces the advantage offered by the high-k Al,O3. For that reason, the search
for other material combinations and/or post-deposition treatments limiting the interfacial
interaction has become mandatory.

In regard to GaN-based devices, the implementation of Al,Oj3 thin films is also the
most investigated and promising solution. The interaction at the interface is limited to
a partial oxidation of the substrate, which in turn might be source of electrically active
defects when oxynitride bonds are present. In this case, the epitaxial growth of crystalline
oxides has also been widely explored as a possible route to gate insulation in GaN-based
devices, considering other oxides, such as lanthanide oxides (Gd;O3, Sc;O3, and LayO3)
or NiO and CeO,. However, the main limitations of the epitaxial oxides” implementation
are the number of structural defects occurring after the initial layers and the presence of
preferential leakage current paths at the grain boundaries.

In terms of practical device application, high-k binary oxides have already been
implemented in both 4H-S5iC MOSFETs and GaN-based MISHEMTs, with Al,O3 being the
most widely used system. In this case, while promising results in terms of channel mobility
and Ron have been reported, charge-trapping effects occurring in these oxides remain a
limiting factor that has to be addressed by appropriate surface preparation techniques and
post-annealing conditions. In particular, the integration of high-« oxides as gate insulators
in 4H-SiC MOSFETs will require optimization of the process flow, with particular attention
to the thermal budget required for ohmic contact formation, which must be compatible
with the crystallization temperature of the oxide.
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Abstract: Insulated-gate GaN-based transistors can fulfill the emerging demands for the future
generation of highly efficient electronics for high-frequency, high-power and high-temperature
applications. However, in contrast to Si-based devices, the introduction of an insulator on (Al)GaN
is complicated by the absence of a high-quality native oxide for GaN. Trap states located at the
insulator/(Al)GaN interface and within the dielectric can strongly affect the device performance. In
particular, although AlGaN/GaN metal-insulator-semiconductor high electron mobility transistors
(MIS-HEMTs) provide superior properties in terms of gate leakage currents compared to Schottky-gate
HEMTs, the presence of an additional dielectric can induce threshold voltage instabilities. Similarly,
the presence of trap states can be detrimental for the operational stability and reliability of other
architectures of GaN devices employing a dielectric layer, such as hybrid MIS-FETs, trench MIS-FETs
and vertical FinFETs. In this regard, the minimization of trap states is of critical importance to the
advent of different insulated-gate GaN-based devices. Among the various dielectrics, aluminum
oxide (Al,O3) is very attractive as a gate dielectric due to its large bandgap and band offsets to
(Al)GaN, relatively high dielectric constant, high breakdown electric field as well as thermal and
chemical stability against (Al)GaN. Additionally, although significant amounts of trap states are still
present in the bulk Al,O3 and at the Al;O3/(Al)GaN interface, the current technological progress
in the atomic layer deposition (ALD) process has already enabled the deposition of promising
high-quality, uniform and conformal Al,Oj; films to gate structures in GaN transistors. In this
context, this paper first reviews the current status of gate dielectric technology using Al,O3 for GaN-
based devices, focusing on the recent progress in engineering high-quality ALD-Al,O3/(Al)GaN
interfaces and on the performance of Al,O3-gated GaN-based MIS-HEMTs for power switching
applications. Afterwards, novel emerging concepts using the Al,O3-based gate dielectric technology
are introduced. Finally, the recent status of nitride-based materials emerging as other gate dielectrics
is briefly reviewed.

Keywords: GaN; gate dielectric; aluminum oxide; interface; traps; instability

1. Introduction

Owing to the large bandgap of 3.43 eV, resulting in a high electric breakdown field
of 3.3 MV/cm and in a low intrinsic carrier concentration, and to the large saturation
velocity of 2.5 x 107 cm/s, GaN is one of the most promising semiconductors for the
future energy-efficient generation of high-power, high-frequency and high-temperature
electronics [1-4]. Besides the unique intrinsic material properties, one of the most attractive
properties of GaN is the possibility to exploit the polar nature of GaN-based materials to
form AlGaN/GaN heterostructures featuring a two-dimensional electron gas (2DEG) at the
heterointerface with a high carrier density of over 1 x 10'®> cm~2 and high mobility values
exceeding 2000 cm? V-1 571 [5,6]. AlGaN/GaN heterostructures enable the fabrication
of high electron mobility transistors (HEMTs) which can significantly outperform the
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traditional Si power devices in terms of breakdown strength, on-resistance and switching
speed, achieving higher power density and higher energy efficiency [7,8].

Nowadays, GaN-on-Si HEMTs qualified for 200 V and 650 V high voltage power
switching applications with operating frequency capabilities in the MHz range are com-
mercially available and on the way towards 1.2 kV applications using engineered sub-
strates [1,9,10]. For targeting higher voltage capabilities up to 1.7-1.8 kV, current aperture
vertical electron transistors (CAVETs) adopting AlGaN/GaN heterojunctions have also
recently attracted significant attention [11-13], where the high conductivity of the 2DEG
channel is combined with the better field distribution of the vertical device geometry, and
hence with the capability of vertical architectures of achieving an even higher breakdown
voltage without enlarging the device area, in contrast to lateral transistors. In addition,
GaN-based HEMTs with downscaled gate lengths to the sub-100 nm regime have also
been demonstrated to achieve maximum current gain cutoff frequencies over 200 GHz,
which are well suited for radio frequency (RF) high power amplifiers for 5G and beyond
applications [14-18].

Despite the potentiality of AlGaN/GaN HEMTs, one of the most serious problems
degrading the device performance and reliability is represented by the exceedingly high
leakage currents through the Schottky-gate contact, especially under forward gate bias,
which limits the gate voltage swing and the maximum on-state current of the device,
resulting in reduced power efficiency and weak device failure protection [19]. In particular,
a small gate swing is a strong limiting factor for power switching applications due to faulty
gate voltage overshoots often occurring in circuits, which can eventually lead to early device
failures. Moreover, since GaN-based HEMTs are naturally normally on (or depletion-mode)
transistors with a negative threshold voltage (Vy,), normally off (or enhancement-mode)
HEMTs with a positive Vy, are highly preferred to guarantee safe operation and for the
reduced power consumption in power switching devices [20,21]. However, since normally
off devices require a large positive gate voltage to be turned on, the problem of gate
leakage currents becomes even more critical in normally off HEMTs. Similarly, in RF
applications, power amplifiers using Schottky-gate HEMTs can suffer from reduced gain
and efficiency caused by large gate inputs, which can drive the devices into deep forward
bias regimes [22].

The employment of a metal-insulator-semiconductor (MIS) gate is an efficient way
to suppress the gate leakage currents of AlGaN/GaN HEMTs, enabling reduced power
consumption, a larger gate bias swing and a better immunity to gate breakdown [23-25].
However, in contrast to Si-based devices, the introduction of an insulator in Al1GaN/GaN
metal-insulator-semiconductor high electron mobility transistors (MIS-HEMTs) is compli-
cated by the absence of a high-quality native oxide for (Al)GaN. Trap states located at the
dielectric/(Al)GaN interface or within the dielectric can lead to dynamic charge/discharge
processes, which are especially critical in the case of wide bandgap GaN-based materials
where the traps can be deeply located in the bandgap and can cause severe operational
instability due to their slow detrapping behavior [26-29]. The instability of the threshold
voltage in AlGaN/GaN MIS-HEMTs is one of the major challenges [30-33]. In particu-
lar, a serious Vy, shift induced by the “spill-over” of electrons from the 2DEG channel
towards the dielectric/(Al)GaN interface in forward gate bias conditions has often been
reported [34-37]. Another problem is the degradation of the current linearity in the transfer
characteristics of AlGaN/GaN MIS-HEMTs, which can be responsible for gain loss and the
degradation of large signal linearity in power amplifiers [38].

Besides insulated-gate GaN-based transistors adopting AlGaN/GaN heterostructures,
other emerging GaN-based devices in the form of MIS-FETs use a gate dielectric layer on a
GaN channel, such as lateral hybrid GaN MIS-FETs [39], vertical GaN trench MIS-FETs [40]
and vertical FInFETs [41]. Figure 1 schematically summarizes the main configurations of
lateral and vertical GaN-based transistors employing a gate dielectric layer. A Schottky-
gate HEMT is reported for comparison in Figure 1a. Hybrid GaN MIS-FETs obtained by
a fully recessed AlGaN barrier layer are especially attractive for normally off operation
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and large gate voltage operation [42], while GaN trench MIS-FETs have drawn attention
among other vertical transistor concepts since they are inherently normally off with a
Vin > 3 V and do not need the regrowth of the AlGaN/GaN channels [43,44]. Similar to
MIS-HEMT, instabilities over the gate dielectric affecting the device performance can arise
in GaN devices with MIS-FET configurations due to the trap states at the dielectric/GaN
interface influencing the Vy, and reducing the current drive capability or/and bulk or
border traps within the dielectric itself, which might mostly affect the long-term reliability
performance of the device [43,45]. Moreover, differently from the MIS-HEMTs, where the
2DEG formed at the AlIGaN/GaN interface benefits from the spatial separation from the
dielectric/ AlGaN interface, minimizing the interface scattering processes [46], interface
traps in GaN MIS-FET configurations are located in the proximity of the electron channel
and are more prone to act as impurity scattering centers, additionally affecting the carrier
mobility [47]. This is particularly challenging for transistor concepts including a recess of
the AlGaN barrier layer, as in the case of trench MIS-FETs and vertical FinFETs, since the
etching process can critically affect the properties of the dielectric/GaN interface [48].
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Figure 1. Schematic of representative GaN-based transistors: (a) Schottky-gate HEMT; (b) MIS-
HEMT; (c) hybrid MIS-FET with fully recessed AlGaN barrier; (d) trench CAVET; (e) trench MIS-
FET; (f) vertical FinFET.

Therefore, regardless of the transistor concept and design, trap states need to be
minimized to ensure the safe operation and long-term lifetime of the insulated-gate GaN-
based transistors. In particular, a gate dielectric technology aiming to improve the dielec-
tric/(Al)GaN interface and dielectric bulk quality is essential to enhance the performance
of the device. In general, various insulator materials have been employed, with 5iO,, SiN
and Al,O3 as the most commonly used dielectrics [7,29,49,50]. The same dielectric layer
deposited both underneath the gate as well as between the gate and the ohmic contacts
of the source and drain usually functions both as the gate dielectric and the passivation
layer [51]. The latter has been indeed reported to mitigate the effects of drain current
collapse and leakage currents at the (Al)GaN surface due to the passivation of trap states
at the surface [52-54]. However, even though excellent device characteristics have been
obtained, trap states in MIS gate structures still remain one of the biggest challenges for
insulated-gate GaN-based transistors, and the practical implementation of these devices
has been hindered by the concerns over the gate dielectric stability and reliability [1].

In this paper, the current status of the gate dielectric technology employing Al,Os for
insulated-gate GaN-based transistors is reviewed. First, the relevant aspects taken into
account for selecting a suitable gate dielectric for GaN-based transistors are highlighted and
the influence of this additional layer on the device parameters and performance is discussed.
Afterwards, the state of the art of Al,O3 as a gate dielectric is presented with a particular
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attention to the recent progress in engineering high-quality Al,O3/(Al)GaN interfaces
and to the performance of Al,Os-gated GaN-based MIS-HEMTs for power switching
applications. Novel emerging concepts using the Al,Os-based gate dielectric technology
are also introduced. Finally, the recent status of nitride-based materials emerging as other
gate dielectrics is briefly reviewed.

2. Gate Dielectrics on (Al)GaN

The design of a MIS gate structure for insulated-gate GaN-based transistors requires
consideration of the properties of the bandgap, the band offset to (Al)GaN, the permittivity
and the chemical stability of the insulators [7,29,49-51]. For a sufficient suppression of
the gate leakage currents, even at forward gate bias operation, a large bandgap material
as well as large band offsets to (Al)GaN are necessary, in particular for power switching
devices. On the other hand, a high value of permittivity is favorable to obtain high
transconductance [55]. In particular, in the case of MIS-HEMTS, since the introduction of a
dielectric leads to a reduction of the gate-to-channel capacitance with respect to Schottky-
gate HEMTs, a high permittivity dielectric reduces the capacitive contribution of the gate
dielectric, enabling it to obtain a stronger coupling between the gate and the 2DEG channel,
and hence to maintain a high transconductance, which is especially important for RF
devices. At the same time, in normally on MIS-HEMTs, high-permittivity materials can
minimize the shift of the threshold voltage towards negative values when compared to
Schottky-gate HEMTs, which is beneficial to reduce the static power consumption and to
improve the energy efficiency of the device [7].

Various insulator materials have already been considered as gate dielectrics in insulated-
gate GaN-based transistors. Figure 2 reports the relationship between the bandgap and
permittivity for the relevant insulators and nitride compounds. Figure 3a shows the band
offsets of the insulators on the GaN as calculated by Robertson and Falabretti, who first
predicted the band alignment of the GaN and the insulators based on the calculation of
the charge neutrality levels (Ecnp) [56]. The band offsets of the dielectrics on Aly3Gag 7N,
recently determined by Reddy et al. using the same method, are illustrated in Figure 3b [57].
Note that, as shown from the comparison of Figure 3a,b, the different values of the energy
bandgap of the same insulators are used in the calculations performed by Robertson and
Falabretti [56] and by Reddy et al. [57].
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Figure 2. Energy bandgap versus permittivity for major insulators and GaN compounds. Data taken
from [7,29,49-51].
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Figure 3. Conduction band offset (AEc) and valence band offset (AEy) of various dielectric materials
with respect to (a) GaN, calculated by Robertson and Falabretti [56], and to (b) Alg3Gag 7N, calculated
by Reddy et al. [57]. Note that, in (a,b), the different energy bandgaps of the insulators were assumed
in the calculations. The conduction band (Ec) and valence band (Ey) of GaN and AlGaN are marked
as dashed lines. The energy bandgap (Eg) of GaN and AlGaN is also indicated.

Si0O; is an attractive insulator due to its large bandgap, large band offset to (Al)GaN
and chemical stability. In fact, after Khan and coworkers first applied SiO; to AlGaN/GaN
MIS-HEMTs to control the gate leakage currents and improve the gate voltage swing capabil-
ity [24], further high-performance MIS-HEMTs using SiO, have been demonstrated [58,59].
Nevertheless, the relatively low dielectric constant of SiO; represents a disadvantage com-
pared to other dielectrics. From this perspective, various high-permittivity dielectrics such
as HfO,, ZrO,, Tay 05, Lay O3, CeO,, TiO,, etc., have been applied to the MIS gate structures
of GaN HEMTs [60-72]. Although higher g, values have been achieved in some cases, most
of these insulators have reported to be relatively susceptible to leakage problems due to the
relatively small band offsets with respect to (Al)GaN [49,68,73,74]. Similar observations of
high gate leakage currents were reported for MIS gate structures employing dielectrics such
as SiNy and Gay O3 due to the small conduction band offsets [51,75-77]. Ga,O3 would be
appealing as a native oxide grown by thermal or chemical processes. However, in addition
to the small band offset to GaN, Ga,O3 grown by thermal oxidation at low temperatures
has a slow growth rate, while surface damage can be caused at higher growth tempera-
tures [51]. Moreover, the growth of GayOj3 is even more difficult on AlGaN since Al is
more easily oxidized than Ga. Differently, SiNy deposited by in situ metal organic chemical
vapor deposition (MOCVD) or by low-pressure chemical vapor deposition (LPCVD) has
emerged as a promising candidate as a gate dielectric as well as a passivation layer [42,78].
Similarly, AIN has also been reported in a few studies to be suitable as a gate insulator and
passivation layer, especially due to its small lattice mismatch to (Al)GaN [51,79-81]. Other
attempts have also used dielectrics like NiO, MgO and Sc,O3 [82-87], stacked dielectric
layers like SiNy /SiO,, SiNx/Al,O3 and HfO, / Al,O3 [88-90] or engineered alloys such as
SiON, HfSiOy and LaLuOj in order to tune the dielectric constant and band gap of the
insulators [90-93]. A comprehensive overview and comparison of the various insulators
which have been considered as gate dielectrics for insulated-gate GaN-based devices is
given in [7,29,49-51].
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Among the insulators, Al;O3 remains one of the most attractive insulators as a gate
dielectric because of its large bandgap and conduction band offset to (Al)GaN, relatively
high permittivity (~9) as well as high breakdown field (~10 MV /cm) and thermal and
chemical stability against (Al)GaN [75,94,95]. Additionally, the considerable technological
progress in the atomic layer deposition (ALD) process enables the deposition of high-quality
AlyO3 films to the gate structures in GaN transistors. In the next section, the status of the
gate dielectric technology using Al,Os for GaN-based devices is reviewed.

3. A1, O3 for Insulated-Gate GaN Devices

Table 1 reports the physical parameters of the energy bandgap (Eg), conduction band
offset (AEc) and valence band offset (AEy) obtained experimentally from amorphous Al,O3
films deposited on GaN and AlGaN by various deposition methods. Note that the bandgap
of the amorphous Al,O3; ranges between 6.7 eV and 7.6 eV depending on the method
of the oxide film growth, and it is lower than the value for the crystalline bulk x-Al,O3
(8.8 eV-9 eV) considered in the theoretical calculations (Figure 3). In fact, it is well known
that the Eg of Al,O3 compounds strongly depends on its crystallographic phase [96,97].
Momida et al. investigated the structure of amorphous Al,O3 by first-principles calcu-
lations, concluding that the reduction of the bandgap of amorphous Al,O3 compared to
crystalline Al,Os could be related to the changes in the density of the Al;O3 compounds
and the average coordination number of Al atoms [98]. Toyoda et al. showed that annealing
at temperatures of 800 °C led to phase transformations of the Al,O; films from amorphous
to crystalline, which correlated to a significant increase in the energy bandgap and the
modification of the conduction band discontinuity [99]. Afanas’ev et al. pointed out that for
AL Oj films treated at temperatures above 800 °C, the widening of the Al,O3 bandgap with
the phase transformation from amorphous to crystalline mostly occurred at the valence
band side [96,97]. Differently, Yang et al. revealed that the annealing processes at a lower
temperature of 650 °C can affect the band bending of GaN but has almost no effect on the
Al,O3/GaN band offset [100]. The decrease of the bandgap of amorphous Al,O; has also
been associated with defect-induced states located in the bandgap [101]. This could explain
the large discrepancy between the theoretical (Figure 3) and experimental (Table 1) values
of AEy. In fact, since in the case of Al,O3 the valence band maximum states are associated
with the O 2p states, and the conduction band minimum states are associated with the Al
3s, 3p states [102], the rehybridization between Al 3s, 3p and O 2p modifies the charge
transfer between Al and O and consequently decreases the bandgap, thus increasing the
valence band maximum [51]. In contrast to AEy, the experimental values of AEc obtained
for the Al;O3/(Al)GaN system are consistent with the theoretical predictions and make
AlyO3 a suitable dielectric for insulated-gate GaN-based transistors.

In addition to the physical properties of the bandgap of Al,O3 and the band offsets
in the Al,O3/(Al)GaN system, high-quality dielectric layers in terms of defects and bulk
traps and an Al,O3;/(Al)GaN interface with a low interface trap density are required to
deliver a high performance and highly efficient MIS gate structure, as discussed above.
It is important to mention that these properties strongly depend on the deposition tech-
nique and temperature, the crystalline structure of the film and the surface and annealing
treatments [51]. Among the techniques explored for the deposition of Al,O3 films, such
as sputtering [103], the oxidation of a thin Al layer [53] and MOCVD [104-106], the ALD
technique is widely used. The main advantages of the ALD method are the low deposition
temperature (<350 °C), the excellent film thickness control as well as the high uniformity
and conformality, which have enabled the deposition of high-quality Al,Oj3 films and
Al,O3/(Al)GaN interfaces compared to other methods. Nevertheless, despite substantial
progress in the ALD technology, large amounts of defects in the as-deposited Al,O3 bulk
material and interface traps at the Al,O3/(Al)GaN interface are still present and still hinder
the success of the insulated-gate GaN devices [1].
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Table 1. Energy bandgap (Eg), conduction band offset (AEc) and valence band offset (AEy) measured
for Al,Oj3 films on GaN and AlGaN. The deposition method is reported in the second column, where
ALD = atomic layer deposition; PEALD = plasma-enhanced atomic layer deposition; CVD = chemical
vapor deposition; MBD = molecular beam epitaxy; ECR = electron cyclotron resonance. In addition,
the measurement method is noted in column 3, where C-V = capacitance-voltage measurements;
F-N = Fowler-Nordheim characteristics; IPE = internal photoemission; XPS = X-ray photoelectron
spectroscopy; UPS = ultraviolet photoelectron spectroscopy; XAS = X-ray absorption spectroscopy.

Structure D;f;ﬁ‘;“ Me;;;f;‘;“t Eq (€V) AEc(eV) AEy(eV)  Ref.
Al,O3/GaN ALD c-v - ; 12 [107]
AlLO;/GaN ALD ?_PI\SI ;T(‘jt 6.7 22 - [108]
AlLO3/GaN ALD XPS 6.6 2.0 12 [109]
AlLO;/GaN ALD IPE and C-V - 22 ; [110]
Al,03/GaN PEALD XPS and UPS 6.7 2.1 12 [111]
AlLO;/GaN PEALD XPS and UPS - 13 18 [100]
Al,O3/GaN cvD XPS and XAS 76 27 15 [99]

ALOs/Aly3GagsN plrn]i?oiiiﬁon XPS 7.0 21 08 [53,75]
AlOs/ Alg2sGagssN ALD XPS 6.9 18 12 [112]
AlOs/ Alg2sGagrsN ALD XPS 6.7 18 0.9 [26]

3.1. Al,O3/(Al)GaN Structures

The presence of defects acting as traps or fixed charge centers within the Al,O3 films
and at the Al,O3/(Al)GaN interface is of critical importance because of their potential to
affect the threshold voltage and the gate leakage currents of the MIS gate structures [51],
eventually deteriorating the operational stability and the reliability of the insulated-gate
GaN-based devices.

For ALD-Al,O3/(Al)GaN structures, a positive fixed charge arising from donor-type
interface states and/or defect levels in the bulk Al,O3 was often reported [112-115]. In
this regard, Esposto et al. [107] and Son et al. [116] pointed out that fixed charges at the
Al,O3/GaN interface shifted the flat-band voltage (Vgg) in the C-V curves of Al,O3/GaN
capacitors. A shift of the Vyp towards the negative bias direction in Al,O3/GaN structures
was observed by Kaneki et al. [115]. Similar shifts in the C—V characteristics attributed to
interface states acting as fixed charges were reported for Al,O3/AlGaN/GaN structures
by Mizue et al. [26] and Yatabe et al. [73]. Nishiguchi et al. [38] reproduced the observed
negative shift in the C-V curve of Al,O3/AlGaN structures, assuming an effective fixed
positive charge of +1.2 x 10'®> cm~2 in the Al,Oj layer or at the Al,O3/AlGaN interface.

In line with this, annealing treatments have been reported to affect the Vg and Vy, of
Al,O3/(Al)GaN structures as a result of a change in the defect levels in Al,O5 films [117,118].
For example, Hashizume et al. [114] reported a Vpp recovery of Al,O3/GaN structures
after a postmetallization annealing (PMA) in Ny at 200-400 °C, possibly attributed to the
reduction of the donor-type interface states and/or the defect levels in the bulk. Similarly,
Hung et al. [119] obtained a Vpp recovery by PMA in H, /N, forming gas at 400-550 °C.
Zhou et al. [120] showed a permanent positive shift of the Vy, in ALD-Al,O3-gated MIS-
HEMTs after a postdeposition annealing (PDA) at 600 °C in N, which was also suggested
to be caused by a reduction of the deep-level bulk or interface traps. For similar reasons, a
recovery of the Vi, of MIS-HEMTs towards positive bias values was reported by Nishiguchi
et al. [38] when using a reverse-bias anneal at 300 °C in air, and by Nakazawa et al. [121]
with an anneal process at 750 °C in O, atmosphere.

The exact nature of the fixed charges in the bulk of the as-deposited Al,O3 or in
the vicinity of the Al,O3;/(Al)GaN interfaces is still under debate, with native defects

151



Materials 2022, 15, 791

in the oxide layer or dangling bonds at the interface being the major candidates. Choi
et al. [122] investigated the impact of native point defects in Al,O3 by first-principle
calculations, revealing that oxygen vacancies introduce charge-state transition levels near
the GaN conduction band edge, which can act as border traps close to the Al,O3/n-
GaN interface or as source of leakage current through the dielectric. However, other
defects such as aluminum vacancies and interstitials have been identified to act as fixed-
charge centers [122]. Weber et al. [123] also suggested that aluminum vacancy and oxygen
interstitial defects introduce negatively charged centers while the aluminum interstitials act
as positively charged centers, affecting carrier scattering in the channel and the threshold
voltage of the device. Moreover, Liu et al. [124] studied the energy levels of the oxygen
vacancy in AlOs. Shin et al. [125] and Kim et al. [126] identified oxygen and Al dangling
bonds as the origin of the fixed charges in ALD-Al,O3. Huang et al. [127] suggested that
these defective dangling bonds, which are also associated to fixed positive charges and
acceptor-like border traps, can be suppressed by the substitution of H,O as an oxygen
source with O3 for the ALD deposition of Al,Os. Other groups have also demonstrated
the influence of using different ALD precursors and different deposition temperatures on
oxide charges, as well as the interface traps of Al,O3 films [128-132].

Defect states inside Al,O3 can affect the leakage current of the MIS gate structures
through trap-assisted tunneling mechanisms. For Al,O3z-gated MIS-HEMTs under forward
bias, Liu et al. [133] and Yoshitsugu et al. [131] showed that trap-assisted tunneling (TAT)
and Poole-Frenkel emissions (PFE) are dominant at medium electric fields and tempera-
tures above 0 °C, whereas Fowler-Nordheim tunneling (FNT) dominates at high electrical
fields and temperatures below 0 °C. In addition, Yoshitsugu et al. [131] estimated a TAT-
related trap energy of about 1.0 eV below the conduction band minimum of Al,O3. Wu
et al. [134] instead suggested that TAT is the dominant transport mechanism in high oxide
fields, with trap energies of ~1.1-1.2 eV, while PFE was responsible for medium oxide field
gate current transport. Recently, Heuken et al. [135] also suggested that the time-dependent
dielectric breakdown (TDDB) of ALD-Al,Oj3 films occurs with the presence of an initial
defect density in the film and is then related to the formation of a percolation path by
randomly generated defects in the oxide under stress bias. The time to breakdown was
found to be thermally activated, with an activation energy of 1.25 eV, similar to the reported
values of the activation energy of TAT in Al,O3 at a high oxide field [131,134].

While defect states and bulk traps acting as fixed charges mostly affect the absolute
value of the threshold voltage, the charging and discharging of bulk traps, especially border
traps near the Al,O3/(Al)GaN interface, and interface traps deeply located in the bandgap
of the (Al)GaN at the Al,O3/(Al)GaN interface can induce significant dynamic instabilities
of the threshold voltage and of the drain current during device operation due to their slow
detrapping behavior. A schematic illustration of the band diagram of Al,O3/GaN and
Al,O3/AlGaN/GaN structures, including border and interface traps, is shown in Figure 4.

(a) ALO; (b) ALO;

Er

metal metal

€ filled/empty interface traps
¢ filled/empty border traps

Figure 4. Schematic band diagram of the (a) AlO3/GaN structure and (b) Al,O3/AlGaN/GaN
heterostructure at equilibrium, showing border traps near the Al;O3/(Al)GaN interface and interface
traps at the Al;O3/(Al)GaN interface. Ec and Ey are the conduction and valence bands of (a) GaN
and (b) AlGaN, respectively. Er denotes the Fermi energy.
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For these reasons, many groups have focused their efforts on the characterization and
minimization of trap states at the dielectric/(Al)GaN interface of the MIS gate structures.
Figure 5 illustrates a summary of the interface trap density (D;;) distributions reported in
the literature for Al,O3/(Al)GaN structures. Note that the best results reported in each
reference have been illustrated in Figure 5. The Terman method [136] and conductance
method [137] are often used to estimate the interface trap state densities of Al,O3/GaN
structures. Differently, since for Al;O3/AlGaN/GaN structures the evaluation of interface
trap states is more challenging due to the presence of a double interface (Al;O3/AlGaN and
AlGaN/GaN) complicating the potential distribution over the structure, more advanced
techniques such as conductance dispersion techniques [138-140] and frequency and/or
temperature-dependent capacitance voltage measurements [26,73,141] are employed. More
detailed overviews on the characterization of the electronic states at the insulator/(Al)GaN
interfaces of GaN-based MIS-HEMTs with respect to their applicability and potential
limitations are given by Ramanan et al. [142] and Yatabe et al. [49].
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Figure 5. Interface density distributions (column) extracted from literature for (I) Al,O3/GaN,
(IT) Al,O3/GaN/AlxGa1x\N/GaN and (III) Al,O3/AlcGa;_xN/GaN structures. The corresponding
reference is indicated at the bottom of the graph for each column. The conduction band minimum
Ec of GaN and AlGaN is set at 0 eV as reference. The valence band maximum Ey of GaN and
AlGaN, accordingly to the bandgap values of 3.4 eV and 3.9 eV, respectively, are also illustrated as
dashed lines.

The results reported in Figure 5 highlight the presence of high-density interface trap
states, especially at energies close to the conduction and valence band edges of (Al)GaN.
For Al,O3/GaN interfaces, minimum values of the interface state densities in the range of
1019-10" cm~2 eV~! have been reported [114,115,143-146]. In comparison, Al,O3/AlGaN
interfaces have shown minimum values of interface state densities that are about one
order of magnitude higher [26,27,38,73,145,147-150]. Mizue et al. [26] suggested that this
difference can be due to oxygen incorporation into AlGaN or to a higher density of defects
in the AlGaN layer. Note also that some groups investigated Al,O3/GaN/AlGaN/GaN
structures where a thin GaN layer (~1-3 nm) was present on top of the AlGaN layer,
possibly affecting the distribution of the interface trap states [105,150-153]. A very thin
GaN cap layer is indeed often included in the AlGaN/GaN epitaxial material, as it also
helps to protect the AlGaN surface and to reduce leakage currents. Gregusova et al. [150]
obtained an interface trap state density that was two to three times lower for the Al,Os-
gated AlGaN/GaN structures with a GaN cap compared to ones without a GaN cap. On
the contrary, Tapajna et al. [106] reported almost the same C-V characteristics and interface
trap state distributions for Al,O3/(GaN)/AlGaN/GaN structures with and without a GaN
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cap layer. For ALD-Al,O3/AlGaN/GaN structures, Mizue et al. [26] estimated the trap
states density distribution at the ALD-Al,O3/AlGaN interface for the first time, showing
that trap states with densities higher than 1 x 1012 cm~2 eV~ exist at the Al,O3/AlGaN
interface. To evaluate the near-midgap electronic states at room temperature (RT), a
photoassisted C-V method using photon energies less than the AlGaN bandgap was
developed [26,73]. For states close to the valence band of (Al)GaN, Matys et al. [154,155]
developed a method based on the measurement and simulations of the photo-capacitance
of MIS gate heterostructures. Combining this method with the photoassisted capacitance—
voltage technique, the interface state density in the entire band gap at the Al,O3/AlGaN
interface was determined, revealing the presence of a large amount of trap states with Dj;
values higher than 1 x 10'3 cm~2 eV~! also near the valence band edge [148].

When using Al,Os3 films on (Al)GaN, particular attention has to be given to the
temperature processes applied after the dielectric deposition. Hori et al. [108] showed
that the annealing process at 800 °C for the ohmic contact formation applied after the
ALD-Al,O3 deposition created a large number of microcrystalline regions in the Al,Os
layer, causing a pronounced increase of the leakage current of the Al;O3/n-GaN structures.
To prevent this effect, an “ohmic-first” approach with a SiN protection layer was applied,
which maintained the amorphous phase in the atomic configuration of Al,O3, leading
to a sufficient suppression of the leakage current. In addition, protecting the surface
with a SiN layer during annealing resulted in the low interface trap densities of less than
1 x 1012 em~2 eV ! extracted from the C-V characteristics of the Al,O3/GaN structures.

Other processing steps for the fabrication of GaN devices are also critical and can
affect the interface quality and the electrical properties of the Al,O3/(Al)GaN structures. To
achieve normally off operation, recessed gates are often employed in MIS-HEMTs or hybrid
MIS-FETs. For this reason, the influence of inductively coupled plasma (ICP) etching on
the interface properties of Al,O3/(Al)GaN structures has also been investigated. Yatabe
et al. [73] estimated the state density distribution at the Al;O3/AlGaN interface of MIS
structures subjected to ICP dry etching of the AlGaN surface, using for the first time the
combination of the photoassisted C—V method and the modeling of the C-V curves [26,156].
Trap state densities higher than 2 x 10'> cm~2 eV~! were obtained at the Al,O3/AlGaN
interface of the ICP-etched structures [73]. Without the ICP etching of AlGaN, a near-
midgap Dj; of about 1 x 102 cm~2 eV~! or less was obtained. Similarly, Kim et al. [144]
also investigated the effects of a Cly-based ICP etching on the interface properties of
Al,O3/GaN structures. From the X-ray photoelectron spectroscopy (XPS) and transmission
electron microscopy (TEM) analyses, it was shown that the ICP etching caused a disorder
of the chemical bonds at the GaN surface. This resulted in high-density trap states with a
density larger than 1 x 10'> cm~2 eV~! near the conduction band edge of the GaN at the
Al,O3/GaN interface, which was suggested to include defects related to nitrogen vacancy
(VN) levels. A decrease of the interface state density was obtained by applying a PDA
process in Ny at 400 °C, which partially recovered the V-related levels, thus increasing
the chemical bond order at the GaN surface. Yatabe et al. [149] also reported that the
ICP etching of the AlGaN surface introduced a monolayer-level crystalline roughness,
the disorder of the chemical bonds and various types of defect complexes including Vy,
resulting in high trap state densities of up to 8 x 102 cm~2 eV~ at the Al,O3/AlGaN
interface. Fang et al. [157] also reported that Cly-based ICP etching enhanced the deep
centers at the GaN surface originating from Vy and other defect complexes.

Other studies have demonstrated the importance of PDA and PMA treatments to
minimize the interface trap states at the Al,O3/(Al)GaN interface. From the TEM investi-
gations, Hashizume et al. [114] revealed that PMA in N, at 300400 °C led to a uniform
distribution of the lattice constant near the interface of the ALD-Al,O3/GaN MIS structures,
which resulted in excellent C-V characteristics almost without frequency dispersion and a
reduced Dj; ranging from 1 to 4 x 10'° cm~2 eV~ at energies near the conduction band
edge. Similar values of Dj; at the Al,O3/GaN interface after PMA in N; at 400 °C were also
very recently obtained by Ando et al. [158]. Ando et al. [147] also demonstrated that a PMA
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in N, at 300 °C led to a similar reduction of the electronic states at the ALD-Al,O3/AlGaN
interface. Kaneki et al. [115] pointed out that annealing under reverse bias at 300 °C in
air for 3 h is also beneficial to decrease the interface state density of ALD-Al,O3/GaN
structures, and it is more effective than PDA in N, at 400-700 °C, probably due to a re-
laxation of the dangling bonds and/or the point defects at the GaN surface. Moreover,
almost no shift of the Vgg with respect to the expected value was observed in the C-V
curves due to the reduction of the donor-type interface states and/or defect levels in the
bulk Al,O3. Similar effects of the reverse-bias annealing were obtained by Nishiguchi
et al. [38] for ALD-Al,O3/AlGaN structures. Winzer et al. [143] reported that PDA in
O, or forming gas (Hz /Ny at 500 °C were more efficient for decreasing the traps at the
Al,O3/GaN interface than PDA in N, at the same temperature. A very low interface trap
density of less than 5 x 10! cm~2 eV ~! was achieved for Al,O3/GaN structures treated by
forming gas PDA at 500 °C. However, it was also reported that forming gas PDA resulted
in a detrimental increase of the leakage currents of the Al,Oj3 films. Similar results were
reported by Long et al. [159], where the effect of trap passivation during the forming gas
anneal was correlated to the incorporation of hydrogen at the interface.

Similar to annealing processes, surface treatments are also effective in reducing in-
terface trap states at the Al,Os3/(Al)GaN interface. Hori et al. [27,145] demonstrated
that an NyO-radical treatment can decrease interface states both at the Al,O3/GaN and
Al,O3/AlGaN interfaces. For Al;O3/AlGaN structures, the interface state density was
estimated to be 1 x 10'> cm~2 eV~! or less around the midgap and 8 x 10> cm =2 eV !
near the conduction band edge [27]. Calzolaro et al. [151] recently reported a significant
reduction of frequency dispersion of the C-V characteristics of Al,O3/GaN/AlGaN/GaN
structures after a remote O, plasma-based surface treatment prior to the ALD-Al,O3 de-
position combined with a PMA in N at 350 °C. The D;; was estimated to be reduced to a
value in the order of 2 x 10'> cm~2 eV~! near the conduction band edge.

Trapping mechanisms at the Al,O3/(Al)GaN interface are especially critical for Al-
GaN/GaN MIS-HEMTs under forward gate bias, where electrons can spill over from
the 2DEG channel towards the dielectric by overcoming the AlGaN barrier and become
trapped at the Al,O3/(Al)GaN interface [34-37]. Similarly, charge trapping in high-density
electronic states at the interface has been reported to lead to a significant screening of the
gate electric field and the consequent loss of control of the surface potential of the barrier
layer, causing the degradation of the current linearity and the saturation of the current at
forward bias in AlIGaN/GaN MIS-HEMTs [38]. In this regard, the next section focuses on
reviewing the recent progress on the performance of Al,O3-gated MIS-HEMTs.

3.2. AlO3-Gated MIS-HEMTs

Among the issues facing the MIS gate toward the improvement of the performance of
AlGaN/GaN MIS-HEMTs, the dynamic Vy, instability caused by the trapping mechanisms
involving the gate dielectric is the one major concern [1]. The instability of the Vy, has been
reported under various bias conditions [31,32,34,78,160,161]. In particular, the large Vy,
shift induced by forward gate bias stress due to electron trapping at the dielectric/(Al)GaN
interface is one of the most serious problems for the operational stability and reliability of
the device [34-37]. For this reason, many groups have focused their efforts on studying
the origin of the Vy, instability and various fabrication processing strategies to overcome
this issue.

For Al;O3-gated MIS-HEMTS, Lu et al. [32] reported that a larger Vy, shift towards
the forward bias direction was induced by increasing the gate positive bias stress in
the pulsed current-voltage (I-V) measurements. Similar results were obtained by other
groups [28,31,35,151,160,162,163]. Bisi et al. [160] pointed out that the large positive shift of
the Vy, can also promote the current collapse of MIS-HEMTs. Regarding the origin of the
Vi, instability, Tapajna et al. [105] discussed the effect of interface states and bulk traps on
the Vi, shift in Al;O3-gated MIS-HEMTs. Wu et al. [153] and Zhu et al. [33] pointed out
that the Vy, shift during a positive gate bias stress was highly correlated to the trap states
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at the dielectric/(Al)GaN interface but also to the border traps near the interface. Fixed
charges within the dielectric are also involved in the Vy, shift mechanism [107,116].

A reduction of the interface and/or border traps by means of annealing and surface
treatments can lead to an improvement of the dynamic Vy, instability of MIS-HEMTs. In
addition, as mentioned before, the current linearity and the saturation of current at forward
bias of MIS-HEMTs can be also affected by a change in the density of the electronic states
at the dielectric/(Al)GaN interface [38]. Hori et al. [27] reported that the reduction of the
interface states obtained by applying an N,O-radical treatment on the AlGaN surface prior
to the ALD-Al,O3 deposition led to a higher maximum drain current of the MIS-HEMTs at
the positive gate bias and a suppressed Vy, instability under the negative gate bias stress
even at 150 °C. Nishiguchi et al. [38] showed that the improvement of the Al,O3/AlGaN
interface by the reverse-bias anneal at 300 °C in air for 3 h of Al,O3-gated MIS-HEMTs
gave a better gate control of the current even at forward gate bias, effectively enhancing
the current linearity, subthreshold behavior and the maximum drain current of the device.
Moreover, reduced gate leakage currents and more stable Vy, under forward bias stress
and at higher temperatures were obtained. Similarly, Ando et al. [147] recently reported on
the improved gate controllability and current linearity of MIS-HEMTs with the Al,O3 gate
dielectric as a result of a reduction of the electronic states at the Al,O3/AlGaN interface
after PMA in Nj at 300 °C. A subthreshold slope of 68 mV dec™! and excellent Vg, and
operation stability up to 150 °C were also achieved, as shown in Figure 6. Note that in
this case Ando et al. [147] pointed out that the improvement of the device performance
also benefited from using epitaxial GaN layers grown on free-standing GaN substrates
from hydride vapor phase epitaxy (HVPE) with a low dislocation density. Very recently,
Calzolaro et al. [151] reported that the reduction of interface trap states by a remote O,
plasma-based surface treatment before the ALD-AIL,O3 deposition combined with a PMA
in Ny at 350 °C resulted in a better Vy, stability in pulsed I-V measurements. It is worth
mentioning that, despite the benefits of the PMA treatments, specific attention has to be
paid to the employment of higher PMA temperatures, as it can affect the gate leakage
currents of the devices using ALD-grown Al,Os3 films [119,164]. Therefore, a trade-off must
be considered when using the PMA treatment between the quality of the Al,O3/(Al)GaN
interface and the gate leakage currents in a certain voltage range of operation.
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Figure 6. Transfer characteristics of Al;O3-gated AlGaN/GaN MIS-HEMTs fabricated on free-
standing HVPE GaN substrates and subjected to PMA at 300 °C in N, atmosphere, reported by Ando
et al. [147]. In (a,b), the transfer characteristics of MIS-HEMTs with and without PMA are compared
in a semi-log scale and as a function of the gate overdrive voltage, respectively. Transfer curves in
(c,d) were obtained after applying an initial gate voltage stress up to 10 V and by increasing the
temperature up to 150 °C, respectively.
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As in the case of the surface and annealing treatments, various strategies in the
fabrication process of the devices can also be adopted to influence the trap states at the
interface and, therefore, suppress the Vy, instability. Szab¢ et al. [31] reported that for MIS-
HEMTs where the deposition of the Al,O3 gate dielectric was performed before the ohmic
contacts formation and at annealing temperature of 650 °C resulted in an improvement
of the Vy, stability compared to devices where the Al,O3 was deposited after the ohmic
contacts formation was obtained with a high temperature anneal of 850 °C. It was suggested
that this result was a consequence of a better Al,O3/(Al)GaN interface quality. Nakazawa
et al. [165] applied an interesting approach based on the selective area regrowth of AlGaN
to reduce the impact on the ALD-Al,O3/AlGaN interface of the dry etching process used
for the fabrication of normally off AlIGaN/GaN MIS-HEMTs with recessed gate structures.
With this approach, they reported a reduced Vy, instability compared to Al,Os-gated
MIS-HEMTs with dry-etched recessed gates.

Trapping mechanisms related to the gate dielectric can lead to the failure of the device.
For this reason, reliability tests of the gate dielectric are also essential to bring the MIS-
HEMT devices to industrial maturity. In this regard, Meneghesso et al. [30] performed
an extensive analysis of trapping mechanisms and the reliability issues of AlIGaN/GaN
MIS-HEMTs using different insulators. They reported a significant correlation between the
dynamic Vy, shift and gate leakage currents under forward gate bias stress and suggested
that trapping effects were determined by the electrons trapped in the gate insulator or at
the AlGaN/insulator interface. Wu et al. [166] investigated the positive bias temperature
instability (PBTI) in hybrid GaN MIS-FETs. Since the defect distribution inside the ALD-
Al,O3 was found to be centered at about 1.15 eV away from the conduction band of the
GaN with a narrow spread in energy, the ALD-Al,O3 gate dielectric was suggested to
be very promising to improve the PBTI reliability. Meneghesso et al. [30] also measured
the TDDB characteristics of MIS-HEMTs with Al,O3 as gate dielectrics. Since the time-
to-failure of devices indicated a Weibull distribution with slopes larger than 1.0, they
demonstrated high robustness for ALD-Al,O3. Similarly, a Weibull distribution with
a slope of 2.87 was extracted from the TDDB measurements of the Al,O3-gated MIS
structures by Wu et al. [134]. Huang et al. [127] also achieved good TDDB behavior and
a high breakdown electric field of 8.5 MV cm™~! in recessed-gate MIS-HEMTs with a gate
dielectric stack consisting of 13 nm of ALD-Al,O3 deposited using O3 as an oxygen source
and grown on top of 2 nm of ALD-AI,O3; deposited using a H,O oxygen source. For the
ALD-Al,Os5 films on the GaN, Kachi et al. [167] reported a TDDB lifetime at RT and 150 °C
of more than 20 years at an electric field of 3 MV cm~ L. Kikuta et al. [168] obtained a
time-to-breakdown for the ALD-AI,O3 on a dry-etched GalN of more than 40,000 years at
3MV cm ! and RT. In contrast, a time-to-breakdown of only 10?-~10% s was obtained at
250 °C, which was suggested to be caused by large TAT leakage currents.

As mentioned before, the dielectric layer employed in MIS-HEMTs can be used both as
a gate dielectric and a passivation layer to reduce current collapse. Hashizume et al. [53,75]
first demonstrated the use of an Al,Oj3 layer as a gate dielectric and a passivation scheme
to control the current collapse in AlIGaN/GaN HEMTs. Moreover, comparing the effects of
surface passivation on MIS-HEMTs and Schottky-gate HEMTs, Tajima and Hashizume [169]
showed a more pronounced reduction of the current collapse in Al,O3-gated MIS-HEMTs
in contrast to Schottky-gated HEMTs, with Al,O3 serving only as a surface passivation. The
suppression of the current collapse with a passivation layer, arising from negative surface
charges, injected from gate edges to surface states was generally attributed to a reduction of
electronic states at the AlGaN surface and of the peak field near the gate edge. Park et al. [94]
reported for the first time on the use of Al,O3; deposited by ALD as a gate dielectric and
passivation layer for AlGaN/GaN MIS-HEMTs. Park et al. [94] and Ye et al. [23] reported
on the excellent electrical characteristics of AlIGaN/GaN MIS-HEMTs using ALD-Al,O3 as
a gate dielectric and passivation layer. Despite the improvements obtained by Al,O3-based
passivation schemes for MIS-HEMT devices, further work is still required to limit and
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fully understand the current collapse phenomena in GaN transistors [1]. A more detailed
overview about surface passivation for GaN-based transistors can be found in [29,49-51].

3.3. Modified Al;O3 Gate Dielectrics

Besides the use of pure Al,Oj3 films, other approaches involving the use of Al,O3-based
bilayer gate stack dielectrics, interface engineering techniques or Al,O3-based compound
materials have been investigated to combine the properties of Al;O3; with the favorable
properties of other dielectric materials.

Kambayashi et al. [170] applied a SiO, /Al,O3 gate stack (layers indicated from top
to bottom) in hybrid GaN MIS-FETs, thus demonstrating a high-performance device
with a channel mobility of 192 cm?/Vs. Using a SiO,/Al,05 gate stack, Guo and del
Alamo [171,172] studied the origin of PBTI and negative bias temperature instability (NBTI)
in hybrid GaN MIS-FETs. It was shown that for a composite SiO; / Al,O3 gate oxide, the re-
sulting Vy, shifts are due to electron trapping or detrapping in pre-existing oxide traps and
the generation of oxide traps near the oxide/GaN interface. Van Hove et al. [173] applied
an ALD-Al,O3/in situ MOCVD-Si3Ny gate bilayer stack in AlIGaN/GaN MIS-HEMTs to
achieve excellent electrical device characteristics with lower gate leakage currents, more
stable threshold voltages and reduced current collapse when compared to Al,O3-gated
MIS-HEMTs. Capriotti et al. [174] investigated the fixed interface charges between the
AlGaN and the Al;O3/in situ SiN gate stack of AlGaN/GaN MIS-HEMTs. Colon and
Shi [90] fabricated AlGaN/GaN MIS-HEMTs with low gate leakage currents using an ALD-
HfO, /AL, O3 bilayer stack as well as an ALD-HfAIOy ternary compound as gate dielectrics
to achieve a higher dielectric constant than Al,O3 and a higher conduction band offset, ther-
mal stability and crystallization temperature than HfO,. However, both the HfO, /Al,O3
and HfAIOy-gated MIS-HEMTs still showed low transconductance, high interface state
density and pronounced current collapse. The energy band alignment of MOCVD-HfAIO
to GaN was investigated by Liu et al. [175,176], reporting a conduction band offset of 2.2 eV
and minimum values of interface trap density in the range of 1-3 x 10! cm~2 eV ! at the
HfAIO/GaN interface. Hatano et al. [177] demonstrated reduced gate leakage and the
improved operation and thermal stability of AlGaN/GaN MIS-HEMTs using a ZrO, / Al,O3
gate stack dielectric.

Other approaches based on the use of Al,O3-based composite materials have also
been reported. Partida-Manzanera et al. [178] investigated the potential of a ternary phase
of TayOs and ALy O3 as gate dielectrics to achieve higher permittivity than Al,O3, and hence
enhance the transconductance of AlGaN/GaN MIS-HEMTs. Although a higher transcon-
ductance and reduced gate leakage current were achieved, the C-V curves did not feature
the characteristic step at the forward bias in the spill-over regime, indicating a high density
of trap states at the dielectric/ AlGaN interface. Kikuta et al. [179] applied Al,O3/SiO,
nanolaminate films deposited by ALD on GaN to obtain a gate dielectric material with a
larger conduction band offset to GaN and a higher crystallization temperature than pure
AlyO3 films in order to reduce gate leakage currents. The composition of Al and Si in the
oxide and the resulting oxide properties of the permittivity, breakdown field and leakage
currents could be controlled and tuned by the numbers of ALD cycles. Compared to pure
Al>O3 films, a higher breakdown field and better reliability were obtained for the SiO,
composition, from 0.21 to 0.69. Similarly, Mitrovic et al. [180] suggested that Al,O3/TiO,
nanolaminates can also be favorable as gate dielectrics, and they very recently investigated
the band alignment to the GaN and the permittivity of the Al,Os layers doped with Ti,
corresponding to TixAl; xOy. Although the permittivity of TixAl; Oy increased signifi-
cantly with the increasing Ti content, a small conduction band offset for all compositions
was obtained. However, Le et al. [181,182] reported excellent characteristics with good
insulating properties for MIS-HEMTs using AITiO deposited by ALD as a gate dielectric.

Current research has also focused on the “doping” by fluorine ions (F~) of Al,O3 gate
dielectric films in order to control the threshold voltage of MIS-HEMTs towards normally
off operation [183,184]. The latter can be obtained by implanting F~ ions into the AlGaN
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barrier prior to the dielectric ALD. After the ALD-Al,O3 deposition, the incorporated
F~ ions can act as a source of negative fixed charges, compensating the intrinsic positive
charges in the dielectric and shifting the Vy, of the device in positive bias direction. It is
worth mentioning that a previous physical approach based on the fluorine incorporation
via plasma etching under the gate to shift the device threshold voltage was demonstrated
by Cai et al. [185]. Using an ALD-Al,O3 gate dielectric combined with a fluorine-based
plasma treatment, Chu et al. [186] demonstrated normally off Al,O3-gated MIS-HEMTs
with a breakdown voltage of 1200 V.

An interesting process was used by Liu et al. [79] and Yang et al. [187], who improved
the performance and the Vy, stability of the Al,O3z-gated hybrid MIS-FETs by inserting
a monocrystalline AIN interfacial layer via plasma-enhanced atomic layer deposition
(PEALD) at the Al;O3/GaN interface to block oxygen from the GaN surface and prevent
the formation of oxygen-related interface traps. Al,O3/AIN/GaN structures showed a
small frequency dispersion in the C-V curves and a Dj; in the range of 1011-10'2 cm =2 eV !,
determined using the conventional conductance method. Similarly, Yang et al. [188] and
Chen et al. [189] used an in situ low-damage plasma treatment based on NHj3 and N
prior to the ALD-Al,O3 deposition to effectively remove the native oxide while forming an
ultrathin monocrystal-like nitridation interlayer (NIL) at the Al;O3/GaN interface. The
N, plasma treatment was also demonstrated to compensate for V-related defects at the
surface. After a PDA was carried out at 500 °C in O, ambient, the Al;O3/NIL-gated MIS
structures showed a lower interface trap density in the range of 1-6 x 102 cm=2 eV,
resulting in AlGaN/GaN MIS-HEMTs with improved performance [189].

Finally, a very promising approach proposed by Asahara et al. [190] consists in us-
ing a sputtered AION film as a gate dielectric, obtained by introducing nitrogen into
Al,O3. An atomically abrupt high quality AION/AlGaN interface with extremely low
D;; values ranging from 1.2 to 1.4 x 10'! em 2 eV~! and improved bulk properties were
achieved, resulting in excellent C-V characteristics with negligible frequency dispersions
and a markedly suppressed gate leakage current. Similar results were obtained by Wang
et al. [191], who deposited AION films by inserting thin AIN alternating layers into AlOs3.
As shown in Figure 7, Ueda et al. [192] very recently applied AION films deposited by ALD
combined to a PDA in O, for shifting the Vi, so to realize the normally off operation in the
recessed-gate AlGaN/GaN MIS-HEMTs, with a negligible hysteresis in the transfer char-
acteristics, a reduced off-state leakage current, a breakdown voltage of 730 V, an on-state
resistance of 270 m() for a 10 A drain current rating and impressive switching performance,
indicating the great potential of AION as gate dielectric technology.

V=10V
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Figure 7. Transfer and output characteristics of recessed-gate AlGaN/GaN MIS-HEMTs using AION
as gate dielectric and subjected to PDA in O, atmosphere, reported by Ueda et al. [192]. The positive
shift of Vi, obtained by O, annealing for the AION-gated transistor is shown in (a), while (b) reports
the transfer curves without hysteresis obtained after applying a maximum gate voltage up to 10 V.
The output characteristics of AION-gated MIS-HEMTs in the on-state and off-state are shown in
(c,d), respectively.
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4. Nitride-Based Dielectrics

Despite the potentiality of Al;O3 and Al,O3-based dielectric materials, other insula-
tors have emerged as suitable candidates for insulated-gate GaN-based transistors [1,29].
Among them, nitride-based dielectrics are of particular interest compared to oxide-based
insulators because of the suppression of the Ga-O bonds that tend to induce interface
traps [187].

SiNy deposited by in situ MOCVD or LPCVD has been widely demonstrated to be
very promising both as a gate dielectric and a surface passivation [29,49]. In particular,
in situ SiNy enables the dielectric deposition without exposing the (Al)GaN surface to
air, which prevents the oxidation of the surface and passivates the surface states, possibly
reducing the interface traps. Ogawa et al. [193] demonstrated that the in situ process
of SiNy can realize an oxide free SiNy/AlGaN interface. Takizawa et al. [194] reported
high-resolution TEM analysis revealing abrupt interfaces between SiNy and AlGaN. Jiang
et al. [78] systematically investigated MIS structures and MIS-HEMTs using in situ MOCVD-
SiNy as a gate dielectric. A Dj; in the range of 2-3 x 1012 cm~2 eV~! was obtained, which
resulted in a stable Vy, under gate bias and thermal stress. Derluyn et al. [195] reported
that the reduction of surface states with in situ SiNy passivation of HEMT structures led to
higher 2DEG density and lower current collapse. Moens et al. [196] even reported on MIS-
HEMTs for 650 V applications with excellent interface quality and dielectric reliability using
MOCVD-grown in situ SiNy, which demonstrated a maximum gate voltage of ~3.1 V at 10
years for a 100 ppm failure rate. LPCVD-5iN has the advantages of a large conduction band
offset to GaN (~2.3 eV), a relatively high dielectric constant (~7) and a low defects density
enabled by the high deposition temperature. Moreover, compared to plasma-enhanced
chemical vapor deposition (PECVD)-SiNy, LPCVD-5iNy is free of plasma-induced damage
and exhibits low oxygen contamination. In this regard, Hua et al. [197] reported on the
superior properties of LPCVD-5iNy in terms of the leakage currents, breakdown field and
TDDB lifetime. Similar investigations were performed by Jauss et al. [198], who predicted a
20-year 100 ppm lifetime at 130 °C for a gate voltage of 10.1 V. However, the high deposition
temperature of more than 700 °C for LPCVD-5iNy can instead degrade the GaN surface
in recessed-gate structures employed for normally off operations [48]. To overcome this
issue, Hua et al. [48] successfully employed an interface protection technique consisting
of a SiNy interface layer deposited by PECVD prior to the high-temperature deposition
process of LPCVD-SiNy. With this approach, normally off hybrid MIS-FETs using high-
quality LPCVD-5iNy with a gate breakdown voltage of 21 V, a maximum gate bias of 11
V at failure rate of 63.2% for a 10-year lifetime, a stable Vy, and a small current collapse
were demonstrated. A similar approach has been also applied by Jiang et al. [78], who
instead used in situ SiNy in conjunction with PECVD SiNy as a passivation scheme to
effectively suppress the current collapse in MIS-HEMTs. Finally, it is worth mentioning that
for normally off hybrid MIS-FETs, Hue et al. [42] recently developed another promising
technique to protect the etched-GaN surface during the LPCVD-SiNy high temperature
deposition. This is based on an oxygen-plasma treatment followed by in situ annealing
prior to the LPCVD to form a sharp and stable crystalline oxidation interlayer (COIL)
protecting the surface. LPCVD-SiNy-gated hybrid MIS-FETs with a COIL revealed a stable
Vi and a highly reliable gate dielectric.

AlN is another promising nitride-based material which is attractive as a gate dielectric
for insulated-gate GaN-based transistors due to its large bandgap, resulting in a high
breakdown field, high permittivity and small mismatch to GaN, which might reduce the
trap states at the AIN/(Al)GaN interface. AIN is mainly grown by MOCVD or PEALD
techniques [199]. Hashizume et al. [200] were the first to report the low values of Dj; in
the range of 1 x 101! em~2 eV~1 at the MOCVD-AIN/GaN interface. Huang et al. [81]
revealed an atomically sharp interface between the PEALD-AIN and AlGaN. They also
demonstrated that polarization charges in the monocrystal-like AIN used as a passivation
layer can effectively compensate the interface traps at the AIN/(Al)GaN interface, signifi-
cantly reducing current collapse and the on-resistance degradation in ALD-AIN-passivated
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AlGaN/GaN HEMTs. Polarization charges in monocrystalline thin AIN layers have also
been reported to affect the Vi, of hybrid MIS-FETs [79]. The high thermal conductivity of
AIN has been also shown to be beneficial to suppress the self-heating of AIN-passivated
HEMTs, thus improving the device performance [80]. AIN as passivation layer has also
been demonstrated to improve the breakdown voltage of AlGaN/GaN HEMTs compared
to SiN-passivated devices [201]. Very recently, Hwang et al. [202] reported a sharp interface
between the GaN and PEALD-AIN. With the PEALD-AIN used as interfacial layer, they also
successfully suppressed the surface oxidation of the GaN, which resulted in the improved
C-V characteristics of AIN/GaN structures. AlGaN/GaN MIS-HEMTs and MIS structures
using AIN deposited by a novel technique called low-temperature epitaxy (LTE) have been
also recently investigated [199,203,204].

5. Summary

In this paper, we have summarized the most relevant challenges and recent progress
on the development of a gate dielectric technology for insulated-gate GaN-based devices
for high-frequency and high-power applications. Specifically, we first pointed out the
important physical properties of the insulators which need to be considered for designing
a MIS gate structure which delivers improved energy efficiency and reliable device perfor-
mance. Afterwards, we highlighted that, regardless of the GaN transistor concept and the
design, one of the major challenges arising from the insertion of a dielectric on (Al)GaN
is represented by the trap states located at the dielectric/(Al)GaN interface or within the
bulk dielectric. These trap states strongly affect the performance and the reliability of the
device and need to be minimized to ensure high energy efficiency, safe operation and the
long-term lifetime of the insulated-gate GaN-based transistors.

Among the various dielectrics, we focused our attention on Al,O3, which is one of the
most promising dielectric materials due to its large bandgap and conduction band offset
to (Al)GaN, its relatively high dielectric constant, its high breakdown electric field and its
thermal and chemical stability against (Al)GaN. In particular, we pointed out that despite
the technological progress in the ALD process, enabling the fabrication of high-quality
Al,Os films and of Al,Os-gated devices with improved and reliable performance, a large
amount of defects and trap states at the Al;O3/(Al)GaN interface is still present and still
degrades the device performance. In this regard, the main results obtained in the literature
of the interface state density distribution at the Al,O3/(Al)GaN interface are presented
and discussed in detail, and the recent progress in the performance of the Al,Os-gated
MIS-HEMTs are reviewed.

Finally, novel Al,O3-based dielectric or compound materials and interface engineering
approaches involving the use of Al;O3, which have been exploited to improve the quality
and electrical performance of Al,O3z-gate MIS structures, have been presented. Among
them, AION, or the use of nitride-based interface control layers have been demonstrated
to be the most promising techniques. In addition to that, nitride-based dielectric materi-
als have also been briefly presented as promising candidates, especially driven by their
potential to function both as a gate dielectric as well as a passivation layer.

The insights of this paper help to understand the current status and the recent progress
of the Al,O3 gate dielectric technology for insulated-gate GaN-based transistors. It also
highlights that the current state of the art has made great advancements, but still requires
remarkable progress in terms of gate dielectric, gate stack engineering and interface control
technology. Focused efforts are still needed in order to ensure a low interface and bulk
trap density, thus enabling a robust reliability under stringent and dynamic electrical
stresses. Further advances in the gate dielectric technologies are necessary to overcome
these obstacles and to pave the way for the massive advent of insulated-gate GaN-based
technologies in the electronic market.
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Abstract: The vertical Gallium Nitride-on-Silicon (GaN-on-Si) trench metal-oxide-semiconductor
field effect transistor (MOSFET) is a promising architecture for the development of efficient GaN-
based power transistors on foreign substrates for power conversion applications. This work presents
an overview of recent case studies, to discuss the most relevant challenges related to the development
of reliable vertical GaN-on-Si trench MOSFETs. The focus lies on strategies to identify and tackle
the most relevant reliability issues. First, we describe leakage and doping considerations, which
must be considered to design vertical GaN-on-Si stacks with high breakdown voltage. Next, we
describe gate design techniques to improve breakdown performance, through variation of dielectric
composition coupled with optimization of the trench structure. Finally, we describe how to identify
and compare trapping effects with the help of pulsed techniques, combined with light-assisted
de-trapping analyses, in order to assess the dynamic performance of the devices.

Keywords: vertical GaN; quasi-vertical GaN; reliability; trapping; degradation; MOS; trench MOS;
threshold voltage

1. Introduction

A central challenge of power electronics today is to address the continuously ris-
ing demands for safe and reliable control, conversion and distribution of energy, while
maximizing the efficiency. Switched-mode power conversion strategies, with myriad appli-
cations [1-5], are now universally preferred over the simpler linear conversion methods
due to the advantages of better flexibility, safety, and importantly, higher efficiency. The
core requirement for efficient power conversion thus translates directly to highly efficient
power transistors that can sustain repeated OFF/ON switching transitions with minimal
switching and resistive losses. Higher operational frequencies are desirable, since they re-
duce the amount of energy transferred/cycle, which in turn reduces the size of the passive
circuit components in the converters. Since higher frequencies will inevitably correspond
to increased switching losses, the upper limit on the operational frequency (currently, in
the MHz range) is majorly determined by the switching capabilities of the available power
transistors.
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Silicon-based transistors have evolved over the years to meet the market needs; how-
ever further optimization is now bounded by the theoretical limits of Si. In this regard,
wide-bandgap (WBG) semiconductors have found great consensus in being promising
substitutes to Si transistors, derived from their superior figures of merit (FOMs). According

to Baliga’s FOM (BFOM) (= syE3 , %) [6], materials such as GaN and SiC present com-
prehensive improvements in the breakdown voltage (Vgr) vs. on-resistance (Ro;;) tradeoff.
Comparing other FOMs provide easy estimations of the relevant metrics (a) conduction
and switching losses from the on-resistance x output capacitance product (Ron X Coss) [7]

and (b) power density from m [8] where A pgegqge is the package size and Ry,
on4ipackage Nth

is the thermal resistance. The gate charge Q. represents the switching loss incurred by
the charging and discharging cycles of the gate terminal. Here too, GaN emerges as the
dominant choice over Si, as reviewed by Vecchia et al., in [1].

Thus, combining the improved transport, breakdown and thermal properties, the use
of WBG materials enables cost and size-effective power transistors (converters) operating
at high voltages and temperatures with higher speeds (lower switching losses), and with
higher overall efficiency (lower conduction and switching losses).

Although GaN (BFOM = 3175 [9]) is superior to SiC (BFOM = 840 [9]) in most ma-
terial properties, SiC has better thermal conductivity and is generally considered to be
more relevant to the high voltage (>1200 V) application domain, while the commercial
marketability of GaN is usually assumed to be in the low to mid voltage <650 V (power
capability ~ kW) domain [1,9,10]. This is primarily because of the current and voltage
limitations [1,9,11] of the lateral configuration initially adopted for design of GaN power
transistors. These devices were built to capitalize on the high-mobility high-density 2DEG
formed at the AlIGaN/GaN hetero-interface and indeed, several works on lateral GaN
transistors have displayed impressive performances in the mid-voltage range [12-14], as a
result of revolutionary improvements in GaN epitaxy and design over the last couple of
decades.

However, to establish GaN power transistors as serious contenders in application
markets such as Electric Vehicle/Hybrid Electric Vehicle (EV/HEV) [4] or power grids,
voltage capabilities up to 17001800 V are required. To this aim, the research focus is now
shifting to vertical GaN structures [2,3,15]. In addition to better heat management and
normally off capabilities, vertical architectures overcome the breakdown voltage vs. device
area tradeoff of lateral devices. With proper optimization, vertical transistors are also
expected to present better reliability performance, since the electric field is moved within
the bulk, eliminating surface issues.

Fully vertical GaN-on-GaN diode and transistor demonstrators have reported excel-
lent performances (up to 3-4 kV capability [16-24]). However, GaN substrates are small
and expensive, with wafer costs per unit area for GaN-on-GaN ranging up to $ 100/ cm?
for 2-inch wafers [25,26]. Thus, currently these devices have limited commercial viability.
Economically, the GaN-on-Si technology appears to be the most worthwhile for further
development, with 8-inch wafers costing only $1 per unit area, potentially lowering wafer
costs by 100 times. [25,26]. However, owing to the mismatches in lattice constant and
thermal expansion coefficient between GaN and Si, the growth of thick GaN layers on
Si are subject to high dislocation/defect densities, which makes the epitaxy especially
challenging. Although some innovative techniques have been successful in fabricating
fully vertical GaN-on-Si diodes [27-31], and a fully vertical GaN-on-5i power transistor
(Vgr =520V, Ry = 5 mQ.cm?) was recently demonstrated by Khadar et al. in [32] using
substrate removal techniques, fully vertical GaN-on-5i technology is still in a very nascent
stage. Recent results demonstrate the possibility of using engineered substrates (QST®),
with a matched coefficient of thermal expansion, to enable low-cost vertical GaN FETs on
large diameter wafers (8-12 inch) [33].

For the development of the gate module and for the optimization of the drift region of
vertical GaN devices, an important step is the development of quasi-vertical GaN-on-Si
devices [3,27,34-36], based on the idea of maintaining the source and drain electrodes on
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the same side of the wafer. This approach allows us to understand, study and overcome
the challenges related to the development of vertical GaN transistors, before moving to the
full vertical layout. Quasi-vertical structures can build on the recent advancements into
GaN-on-Si epitaxy achieved during research into lateral GaN devices, while providing
better field management due to the vertical stack. Among the several available quasi-
vertical configurations such as CAVETs [24,37], OG-FETs [38,39] or Fin FETs [22,40], the
trench MOSFET [2,3,32,34,41-46] is a popular choice with high cell density. It is inherently
a normally off device with low R,;,, and needs no regrowth of AlGaN/GaN channels.
Figure 1 presents the schematic of a typical quasi-vertical GaN-on-Si trench MOSFET.

SOURCE

n- GaN (ndrift)

n+ (nplus) GaN
| (STRESSCOMPENsATION) ]
SILICON

Figure 1. Schematic of a quasi-vertical n*-p*-n~-n* GaN-on-Si trench MOS device.

In the ON-state, the current in the quasi-vertical structure is sourced from the top n*
layer, and conducted vertically through the p* GaN layer along the gate trench sidewalls.
The current is then collected laterally through the bottom n* layer, before being transported
back to the surface through the drain metallization. A high doping of the n* current-
spreading layer ensures better current distribution, to minimize current crowding around
the contact in the ON-state.

To design a reliable GaN-on-Si trench MOSFET, careful optimization of several inter-
linked physical parameters is required. As discussed earlier, the first design consideration,
as for any power transistor, is to achieve a high Vpg and low R, simultaneously. In this
regard, the thickness and doping of the p-body and drift layer are the central constraints.
The parameters need to be carefully engineered to ensure good reverse blocking capability
in the OFF-state in addition to forward conduction in the ON-state. Regarding the M-O-5
stack, gate design parameters such as dielectric composition and thickness are important in
controlling the threshold voltage, leakage and gate capacitance of the device. The dielectric
choice, in addition to structural optimization of the trench to minimize field crowding,
controls the gate breakdown capability. Finally, the leakage and trapping needs to be mini-
mized throughout the quasi-vertical stack.In this work, we will discuss recent case studies
that address the impacts of different design choices on the performance of quasi-vertical
trench MOSFETs, while demonstrating testing strategies used to identify and compare
degradation mechanisms in such devices. In Section 2, p*-n™-n* diode test structures
are characterized; leakage modeling is used to identify the dominant mechanisms under
reverse bias, and technology computer-aided design (TCAD) simulations are employed
to compare the effects of high vs. low p-body doping, to present a trade-off useful for
breakdown optimization. In Section 3, the optimization of the gate stack through the use
of a bilayer dielectric is discussed. Specifically, the trapping and breakdown performance
of bilayer (SiO; + Al,O3) vs. unilayer (Al,O3) dielectrics are compared, and the effects of
trench optimization are visualized by scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) analysis. In Section 4, methodologies for the assessment
of the dynamic performance of the devices are presented. In addition, light-assisted ex-
perimental techniques are discussed, which improve the detection and understanding of
trapping phenomena under low and high positive gate stresses.

2. OFF-State-Leakage and Doping Constraints of Quasi-Vertical GaN-on-Si Diodes
from IMEC, Leuven, Belgium
In this section, we discuss the factors influencing the leakage current and the break-
down voltage of vertical GaN-on-Si stack, specifically designed for vertical trench-MOSFETs.
The growth of thick, mostly insulating GalN drift layers on Si was made possible
during the last years thanks to the intense research on lateral power GaN devices; the main
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goal has been to improve the OFF-state blocking capability. For the move into vertical
GaN devices, the drift layer modulation needs to be more rigorous, since in addition to
sustaining high reverse biases in the OFF-state, it also needs to have a low resistivity in
the ON-state. The ideal drift layer is thick, to sustain a large breakdown voltage, lightly
doped, to ensure high mobility, thus allowing a good ON/OFF ratio, and has a low defect
density, to minimize the defect-related leakage components [3]. Unintentionally doped drift
layers are weakly n-type (10'° carriers/cm? or above, [3,47,48]), due to residual impurities
introduced during the growth process, such as silicon and oxygen [3,47-52].

In a vertical trench-MOSFET, the n™ drift region is in direct contact with the p-body,
that may have Mg concentrations in excess of 101¥~10!° cm~3. To optimize the breakdown
voltage of vertical power FETs, it is therefore important to minimize both the leakage
through the drift region, and to ensure that the p-body/drift region junction can sustain
the high vertical field when the device is in the OFF-state [3,31,53-55].

Magnesium doping in GaN has been reported to form acceptor states located 0.16 eV
above the valence band [56,57]. This relatively deep energy level results in incomplete
thermal ionization of Mg acceptors at room temperature. Since the presence of hydrogen
during MOCVD growth of p-type GaN can passivate the Mg-dopant through the formation
of Mg-H bonds [58], a post-growth annealing treatment (while ensuring energies are lower
than the threshold to create native defects) is necessary to ensure a high conductivity and
hole density.

There are several possible leakage paths in the OFF-state [53,59,60]. In the quasi-
vertical layout, parasitic leakage along the etch sidewalls and the bulk regions might be
dominant and needs to be minimized. Other leakage paths may be present along the passi-
vation layers, or vertically along the entire stack, reaching the substrate. To minimize the
vertical leakage, the prevalent leakage mechanisms among different technology variations
need to be understood, to enable directed improvements.

In performing leakage analysis of reverse biased p*n diodes, the conduction mech-
anisms through dielectrics subjected to high electric fields have been found to be ap-
plicable [53,59,61]. For low to medium reverse bias, the relevant mechanisms are usu-
ally electrode-limited related to the quality of the metal-semiconductor contacts. How-
ever, these mechanisms are usually not relevant in good vertical designs. As such,
bulk conduction mechanisms are more relevant, in particular, variable range hopping
(VRH) [54,55,59,62-71], Poole-Frenkel emission [59,63-69,72-78], and space charge limited
conduction (SCLC) [31,47,53,79].

For investigating the doping and leakage issues under OFF-state within the vertical
stack, it is useful to consider the simpler quasi-vertical diode structures, which form the
fundamental block of the full MOSFET. The test vehicles used for the following study
were aimed at understanding the p*-n™-n* stack; the schematic is presented in Figure 2.
Fabricated on a 200 mm Si substrate, the diodes have Mg doping with Ns = 6 x 101 cm 3
within the p* layer, and a weakly n-type drift layer with n = 4 x 10'® cm~3. The cathode
is at the buried n* layer below the n drift region. The reverse breakdown voltage was
measured to be 170 V on these specific structures, having a drift layer thickness equal to
750 nm [45,55].

Passivation
6. n+ GaN anode
2

p+ GaN

Substrate
Figure 2. Schematic of the quasi-vertical p*-n GaN-on-Si diodes.

2.1. Leakage Modeling

Since individual leakage mechanisms have distinct temperature dependencies, tem-
perature dependent I-V behavior is obtained. Reverse biased diode characteristics over a
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range of temperatures (T) from 50 °C to 130 °C are displayed in Figure 3a. The maximum
cathode voltage (Vcathode) Was limited to Vpr/2 to avoid degrading the samples, and
obtain clean trends with T for medium voltages. The presence of two different natures of
variation with T is found, hence two regions were identified to be modelled separately.
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Figure 3. Modeling of the reverse-biased characteristics of the p*-n diodes under test [55]. (a) Reverse
diode characteristics from T = 50 °C to 130 °C. The two distinct regions identified in (a) are fitted
using the Coulombic potential well model in (c) for Vcaihode from 0.5 V to 30 V (in direction of
arrow), and using the variable range hopping model in (d) for Vcapnode from 70 V to 75 V (in direction
of arrow). (b) Displays the good conformity of the fits with adjusted R? ~1 using the statistical
parameter of adjusted R-square (coefficient of determination).

The first region, from Vcathode = 0 V to 30 V, with a strong increase in current with
temperature, was found to best represent conduction from Coulombic traps through
thermionic emission [54,72]. The corresponding fit data is presented in Figure 3c. This
mechanism is based on the assumption that the potential around traps at low electric fields
can be considered Coulombic, while at higher fields, according to the Poole-Frenkel effect,
a lowering of the potential barrier is expected with a square root dependency on field,
strengthening the emission process of the trap [59,72-74]. This is expressed in the following
formula, and the parameters are defined in [55]:

E4
ITg = ATzexp( T ) 1)

1
Er — BF2
on exp(—TkBﬁ) @

p= \/Z/ ®)

The slope extracted from the fitting (not shown) revealed an activation energy E4
of ~0.85 eV, usually associated with the presence of carbon acceptors [80,81], with an
effective lowering in E4 (AE4) = 70 meV, the corresponding Poole-Frenkel coefficient
(=1.77 x 1072 eV V-1/2 m1/2) was found to be close to the theoretical value [55]

The second region, from Vcainode = 70 V to 75 V, was modelled using variable range
hopping (VRH), the leakage evolution fit to the VRH model is presented in Figure 3d. The
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corresponding equation is written as in Equation (4), and the parameters are described

in [55]: 1 3
4 I
e n(®) (B

VRH describes the conduction of electrons across multiple trap states distributed
within the bandgap. With the high occurrence of substantial defect densities in GaN
epitaxial layers, VRH is commonly observed in GaN diodes [59,62-70], ascribed to the
hopping of charged carriers through localized defect states in depletion regions.

For both the fits in Figure 3c,d, the adjusted R-Square (Adj. R-Square) [82] is found to
be close to 1, as presented in Figure 3b, attesting to the good conformity of the fits. The
R-square, also referred to as the coefficient of determination, always lies between 0 to 1,
corresponding to whether the fit line is able to describe 0% or 100% of the variability of
the data around the mean. Adj. R-Square is a modification which takes the number of
predictors (within the fitted line) into account.

2.2. Simulation of Doping Constraints in Diode Breakdown

The investigation of breakdown issues is especially suited to using TCAD simulations,
which provide versatile, non-destructive and rapid optimization solutions. A representative
and simplified (fully vertical) model of the test devices was built using the Sentaurus tool
from Synopsys in order to investigate the nature of breakdown, relative to the chosen
concentration of p-doping in GaN diodes [55]. The drift diffusion transport model is
used, along with appropriate polarization, mobility and recombination models. The n*
layers are doped with Np = 5 x 10'® cm~3, and the n~ drift layer doping is fixed at
Np =4 x 10'® cm~3. For the p-body doping, Mg is defined as the dopant species. As
discussed earlier, the Mg acceptors are not expected to be completely ionized at room
temperature. Hence, to correctly estimate the effects of p-doping, using the incomplete
ionization model is more physical. This model takes the parameters of the individual
acceptor species into account, in particular, the ionization energy. Based on this, the
simulator internally computes the effective doping concentration under different conditions.
For example, a defined Mg concentration of N = 6 x 10'° cm~2 with an ionization energy
of 0.16 eV, leads to an effective base doping within the p-GaN region of ~ 4 x 10! cm~3
(6%), except within the depletion regions around the p-n junctions, where the defined N
is almost completely ionized.

Since the measured breakdown voltage of the test diodes is 170 V, the electric field
evolution within the vertical diode is visualized at 160 V with different Ny values in
Figure 4. In Figure 4a,b, the chosen N values are relatively low = 4 x 107 cm~3 (see
Figure 4a), 6 x 1017 cm~3 and 1 x 10'® cm~3. In this scenario, the p-GaN region is observed
to be severely depleted, with reach through occurring for the N =4 x 107 cm ™3 case,
once the depletion regions from the n*-p and p-n~ junctions intersect. Thus, a lower bound
for setting the p-doping is identified owing to this constraint. In a real growth scenario,
this constraint could be considerably tighter. If the reduction in Mg concentrations due to
hydrogen passivation or other impurities were considered, the breakdown could occur
faster (at lower voltages) for equivalent N settings.

In Figure 4c,d the higher N4 values are considered, including the representative value
for the structures under test with Ns = 6 x 10" cm~3 (see Figure 4c). For these cases, the
applied voltage drops almost entirely across the lightly doped n~ GaN region, leading
to smaller depletion of the p* GaN layer. On the other hand, the peak electric field at the
p* ton~ interface is significantly higher. In this scenario, breakdown in expected to be
field-triggered, in fact, for Ns = 6 x 10" cm~3, we are approaching critical field for GaN
(= 3 MV/cm [83]) at the 160 V condition, which is found to agree reasonably well with the
measured breakdown voltage of 170 V. Thus, the higher bound for N settings is identified.

Based on the results in Section 2, we infer that the density of defects within the
drift region need to be optimized to control the leakage current and its temperature
sensitivity. The contribution of the residual carbon concentration is found to be relevant to
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the low voltage regimes, and needs to be optimized to improve the leakage performance.
Regarding p-doping-induced constraints on the breakdown voltage, for a lightly doped
drift layer, keeping the p-doping low can reduce the peak electric field, pushing Vg to
higher voltages. However, the trade-off dictates that the value still needs to be high enough
to avoid complete depletion of the p GaN layer unexpectedly at low voltages.
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Figure 4. TCAD modeling of vertical p*-n diodes under different p-doping conditions describing the
expected breakdown processes (a) TCAD structure visualized at N =4 x 10" em~3; (b) Electric
field evolution for low p doping values illustrates complete depletion (punch-through) of the p-GaN
region; (c) TCAD structure visualized at N =6 X 10 em~3; (d) Electric field evolution for high p
doping values illustrates high electric fields (approaching critical field for GaN) at the p*-n~ interface.

3. OFF-State and ON-State-Optimization of the M-O-S Stack in Quasi-Vertical
MOSFETs from IMEC, Leuven, Belgium

This section describes recent results on the degradation and optimization of the MOS
gate stack used for GaN-on-Si vertical MOSFETs.

The reliability of the gate stack is highly influenced by the choice of the oxide in trench
MOSEFETs, since the insulator is vulnerable to repeated stressing during the operation of
the power devices over time [46,84,85]. Specifically, the properties of the insulator can
greatly affect the leakage, breakdown and trapping performance of the M-O-S stack under
positive gate stresses. One of the essential requirements for a gate oxide is to have high
band offsets with GaN, which is critical to limit the leakage current [86-88]. In this regard,
while materials such as silicon nitride or hafnium oxide (band offsets around 1 eV) are less
favored, Al,O3 [89,90] and SiO, [32,34] have emerged as popular choices with conduction
band offsets (AEc) of 2.1 and 2.5 eV, respectively. Al,O3 presents good metrics [86-88]: in
addition to having a high bandgap (8.9 eV), high k (dielectric constant = 9.0), and reasonably
high breakdown strength (~10 MV /cm), improvements in deposition techniques now allow
Al,O3/GaN interfaces to be formed with very low interface state densities [88,91,92]. S5iO,
also has a high bandgap (9.1 eV), and its advantage is high chemical stability, which extends
to high operational stability in the devices.

Since the reliability of the MOS framework is still not completely understood, there
has been limited effort in exploring alternatives to the conventional MOS structure with
an unilayer dielectric. In particular, the approach of using bilayer dielectrics (with a
thin interface dielectric followed by a thicker insulator), which has been found to be
advantageous for Si MOSFET design, could potentially be very valuable for GaN-based
MOSFETs as well. However, inherent reliability risks could be worsened with increasing
complexity in the dielectric deposition process. To truly capitalize on the effects of improved
dielectrics, the bulk GaN etch process, in particular the formation of the trench itself, needs
to be highly optimized. The shape of the trench is usually optimized [93-97] to find the best
combination of Vpr and R,;; deep trenches with rounded corners have been reported to
display good metrics [93,98,99]. However, for higher trench depths (over-etch) extending
beyond the p-body, the peak field under the OFF-state could be aggravated [93]. The
overall etching process is aimed at creating smooth sidewalls, and preventing irregularities
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such as pits or voids, especially at the bottom trench corners where the peak fields are
expected [93-97].

3.1. Optimising Dielectric Composition

This section demonstrates the advantages of employing a bilayer insulator compo-
sition in quasi-vertical MOSFETs through DC and pulsed measurements, and TCAD
simulations [46]. The devices under test are GaN-on-Si trench MOSFETs, structurally
similar to Figure 1. During Atomic Layer Etch (ALE) processing steps, an O, plasma is
used to oxidize the GaN after which a BCI3 dry etch step is executed to remove the oxidized
GaN layer. The amount of ALE cycles has been optimized to ensure a good profile of the
gate trench, removing in total ~25 nm. In this section, we discuss the effects of the dielectric
composition around the gate trench, as illustrated in Figure 5. The Al,O3; deposition is
performed using atomic layer deposition (ALD) at 300 °C, while the SiO; in the bi-layer
is deposited using plasma-enhanced chemical vapor deposition (PECVD) at a deposition
temperature of 400 °C. The focal idea was to compare the robustness of devices fabricated
with a bilayer dielectric composed of SiO, and Al,Os3 to devices with a traditional unilayer
dielectric of Al,Oj3. Effectively, the bilayer stack should combine the merits of SiO; as a
bulk insulator with the ability of Al,Oj3 to create a high-quality interface to GaN.

ALO,/GaN Si0,/Al,05/GaN
n+ w n+
P p*
Al,O3 S0,

Figure 5. Dielectric composition of the devices under test. The first configuration is an unilayer of
35 nm Al,Oj at the GaN interface, while the second has a bilayer composition: 35 nm of SiO,, then
2.5 nm of Al,Oj3 at the GaN interface.

As expected, the gate-source and gate-drain diode leakage of the bilayer devices
was found to be lower by a couple of orders of magnitude [46]. This is attributed to the
intrinsically higher breakdown field of SiO,, as well as the additional barrier (conduction
band discontinuity at the Al;O3/SiO; interface of 0.4 eV [86]) to thermionic leakage from
the channel to the gate, introduced by the bilayer configuration.

To evaluate the reliability of the two stacks under the ON-state, forward gate break-
down step stress tests were performed, where the gate voltage was incremented from 0 V
in steps of 3V, while Vpg was constant at 1 V. Very little dispersion in breakdown voltage
was observed across several devices, and the gate breakdown voltage for the unilayer and
bilayer configurations were found to be 9 V and 27 V [46], the bilayer devices displaying
an improvement of three times.

In Figure 6, the schematic of the simulated device (Figure 6a), and the electric field
distribution within the unilayer and bilayer oxides are visualized at their respective gate
breakdown voltages.

In the ON-state, the channel exists continuously along the trench sidewalls. Thus,
the applied gate voltage falls entirely within the oxide layer, and the internal field grows
rapidly, as illustrated in Figure 6b,c. This condition can then be used to estimate the critical
electric field for the two gate dielectric compositions. From theoretical considerations,
the unilayer Al,O3 devices are expected to have an average critical electric field value of
2.6 MV /cm (9 V/35 nm), while the bilayer devices are estimated to have a critical electric
field value of 7.5 MV /cm (26.2 V /35 nm) for the SiO; layer, and 3.2 MV /cm (0.80 V/2.5 nm)
for the Al O3 layer [46]. These values are well substantiated by the simulated electric fields
in Figure 6 obtained at the respective breakdown voltages.
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Figure 6. (a) Schematic of the simulated quasi-vertical trench MOSFET. Electric field distribution
around the trench edges at the measured ON-state breakdown voltage visualized for (b) unilayer:
Al,O3/GaN devices and (c) bilayer: SiO, /Al,O3/GaN devices.

The second set of measurements were aimed at comparing OFF-state performance
of the dielectric stacks. Figure 7 presents the results of drain step stress until breakdown,
coupled with electroluminescence (EL) studies, performed at Vgs =0 V on 35 devices from
each wafer. During each stress step, an EL image was simultaneously generated with an
acquisition time of 40 s [46]. In the OFF-state, the applied stress voltage is distributed across
the depleted drift layer, in addition to the dielectric stack, resulting in correspondingly
higher breakdown voltages for both unilayer and bilayer devices. The Vg distribution for
the tested devices is compared in Figure 7a, wherein the bilayer emerges as clearly superior,
with an average Vpr improvement of 10 V.
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Figure 7. OFF-state drain step stress performance at Vgg = 0 V for a 35-device sample set (a) Com-
parison of the experimental breakdown values for both unilayer and bilayer cases (b) Localization of
the failure spots along the gate finger, collected from observed EL spots (an example of an EL spot
shown for reference at top) at corresponding Vg values.

An example of an EL spot observed along the gate finger at Vg, reflecting the region
of breakdown in the devices, is shown in Figure 7b, along with a collated map of the
breakdown spots for all tested devices, identified through EL acquisitions obtained during
the step stress process, and on reaching failure. The results clearly indicate a preferential
failure occurrence at the corners of the gate fingers, independent of the dielectric deposition.

The measurements displayed in Figure 7 were performed using microprobes fitted
with an optimized current limiting circuit, in order to protect the failed devices from
thermal runaway, and to preserve them for further post-failure analyses by TEM and Energy
Dispersive X-ray Spectroscopy (EDX) [100,101] to identify the cause of breakdown [102].

Compared to the size of the original defect, an observed EL spot represents a relatively
wide area in which the original defect could be present. Screening is necessary to precisely
localize the defect within the observed EL spot area, which can be done by performing
alternating focused ion beam (FIB) milling and SEM imaging [100]. After screening of the
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defect, TEM investigations were performed at various lamella thicknesses starting from
1.5 pm down to 50 nm to search for of a particular defect. Figure 8 exemplary displays
the results of a defect analysis of a stressed bilayer device at the location of a particular EL
spot, with a focus on the gate trench corners.

Figure 8. TEM analysis of defect at gate trench of a bilayer device at the position of an EL spot
(a,b) BF-TEM and (c) ADF-STEM images of an approx. 50 nm thin lamella.

Device failure was identified to have been caused by an electrical breakdown of the
gate isolation at the bottom edges of the trench, and was correlated with the presence of
several abrupt steps of the gate trench sidewall [102]. While the defect structure was found
to coincide with a melted area and several voids (see Figure 8b,c) as a consequence of
gate shorts [102], EDX analysis on failed devices (not shown here, but reported in [102])
revealed that the breakdown of the gate isolation resulted in minor migrations of silicon
and oxygen, and a dominant migration of nitrogen into the gate oxide.

To complete the investigation into the relative merits/demerits of the bilayer composi-
tion, trapping analyses using double pulsed [44,103] and on-the-fly transient [44,104,105]
measurements were performed on several devices from both wafers, as presented in
Figure 9. More details on the test methods will be provided in Section 4. The shift in the
threshold voltage (AVy,) is compared for identical positive gate overdrive stresses.

Double Pulsed Measurements Vy, Transient Measurements
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Figure 9. Comparison of bilayer vs. unilayer Vy, shifts relative to the unstressed threshold voltage
using (a). Double pulsed characteristics and (b) Vy, transient tests.

The Vy, shifts are comparable or slightly higher for the bilayer case, which could be
due to additional trapping sites generated at the additional interface within the dielectric.
However, the trapping performance for both the compositions is primarily comparable,
which implies that most of the trapping can be presumed to occur at the interface and/or
border traps near the shared GaN/Al,O3 region [44,106,107].

3.2. Optimising Trench Fabrication

In Section 3.1, the cause of breakdown was correlated to non-idealities around the
trench edges. In this section, the cross-sectional analyses to identify the underlying issue,
and to visualize improvements in the gate trench etch process, are summarized [102], in an
effort to understand how to improve breakdown performance.

The investigated devices are GaN-on-Si trench MOSFETs with bilayer gate dielectric
compositions. The fabrication process of the gate trench involved a bulk GaN etch process
followed by an ALE and wet cleaning process. The first set of devices (Wafer A) are from
the bilayer wafer presented in Section 3.1 (see Figure 8). The second set of devices (Wafer
B) are taken from a wafer with an optimized ALE processing and wet cleaning sequence.
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During the initial FIB-SEM investigation to isolate the defective/shorted gate, irregu-
larities of the trench structure of Wafer A were observed. Hence, slice-and-view FIB-SEM
analysis [100,101,108,109] was undertaken to study the trench at different locations along
the gate finger, as presented in Figure 10.

‘Wafer A

Figure 10. Slice and View analysis by FIB-SEM along the gate finger of devices from (a—c) Wafer A
and from (d—f) Wafer B. (a) and (d) SEM top view images of the devices. The positions of the cross
sections are marked by colored, dashed lines. (b,c) and (e,f) SEM cross sectional images. The colored
frames correspond to the colored dashed lines in (a) and (d).

Several steep steps of varying shape and length were observed at each cross section
along the trench sidewalls, dominantly at the lower trench corners. Since these irregularities
are associated with accelerated degradations, drawing from these observations, the ALE
and wet cleaning processes were improved during the fabrication of Wafer B. As displayed
in Figure 10d—{, the newly fabricated trench gates have clean sidewalls, with no observed
roughness or steps. Further TEM analysis [102] also corroborated these observations.

From the results in Section 3, we can improve the general understanding of the
degradation mechanisms that occur within the gate stack, when subjected to prolonged gate
and drain stresses. Bilayer dielectric compositions, utilizing the good interface properties
of Al,O3 to GaN and the improved stability of the SiO, material, were found to be highly
advantageous to breakdown performance of GaN trench MOSFETs, without significant
worsening of trapping effects. However, before improving other design parameters, the
fundamental GaN etch process must be robust. Microstructural defects formed during
fabrication of the gate trench sidewalls can manifest in worsened reliability and faster
breakdown, hence optimization techniques to minimize etch roughness are critical.

4. ON-State-Light Assisted Analysis of Trapping Mechanisms in Quasi-Vertical
MOSFETs from IMEC, Leuven, Belgium

For reliable ON-state operation of GaN MOSFETS, it is fundamental to understand and
minimize the trapping states for the insulator/GaN interface. Since III-V semiconductors
have no native oxides, developing high quality oxide films on GaN is difficult. The
progress in the application of the atomic layer deposition technique has allowed the
successful deposition of low-defect Al,O3 films on GaN, improving the performances of
MOS structures. However, identifying relevant trapping sites and the induced threshold
voltage Vy, instabilities [44,89,106,107,110,111] due to limited controllability of the GaN
surface potential continues to be a primary task to the adoption of GaN vertical MOSFETs
in real applications.

In Section 3.1, the trap impacts on threshold voltage were found to be comparable be-
tween bilayer and unilayer dielectric cases, indicating that states at or near the GaN/Al,O3
interface are presumably the major contributing factor to bias threshold instability (BTI)
observations.

In this section, we focus on unilayer Al,O3-only trench MOSFET devices with an
average Vi, of 2 V, with device structure similar to Figure 1, to understand the trapping
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mechanisms through characterization of induced Vy, shifts [44]. Within the Al;O3/GaN
system, three fundamental trapping locations have been identified [106,107]. Trap states
within the bulk dielectric and near-interface or border sites depend strongly on the proper-
ties of the deposited Al,O3, while the states along the Al,O3/GaN interface (quantified
by the interface state density Dj;) correlate to the quality of the dielectric/semiconductor
boundary, and of the process. For a wide band-gap material such as GaN, it is often
difficult to isolate the effects of energetically deep trap states. This is where light energy;,
and especially the application of UV light with energies approaching/higher than the GaN
band-gap, is valuable. In the following results, we investigated Vy, shifts under positive
gate stress, by combining analytical techniques to identify trap processes and associated
recovery dynamics. In each case, light energy is used to support the analyses, and provide
further insight into the physical origin of the trap states.

The first set of measurements to test the dynamic performance of the devices, as sum-
marized in Figure 11, are double pulsed measurements. The double pulse measurement
system is a powerful high voltage, high speed setup to analyze the dynamic performance
of devices by synchronously pulsing the gate and drain voltages. The pulsing setup
switches between the quiescent (stress conditions) and measurement phases within rela-
tively short time scales (us). The Vg stress settings are incremented from Vg giress =0 V to
5V, Vpsiress = 0 V for a quiescent time of tq = 100 us, and the Ip-Vg measurement settings
were Vgs = —1to 7V, Vpg = 8 V for a measurement time tmeas = 1 ps. In Figure 11a, the
measurements were performed in dark conditions, displaying a positive shift in V, (PBTI)
of 1.2 V for Q (5,0) (Vy, calculated as the voltage intercept at Ip = 5 mA/mm). The Vy,
shift can be attributed to the fast-pulsed stressing configuration, with no recovery intervals
between the progressively stronger stress conditions.
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Figure 11. Double pulsed characteristics; (a) Measurements under dark conditions show a AVy, = 1.2 V and very little
recovery in the measured Ip Vg, 5 min after the stress at Q (5,0); (b) Comparison of current level shifts measured under no
light and UV light. Under UV illumination, shifts are lower under during stress conditions, and post-stress recovery is

faster.

After a rest period of 5 min following the positive gate stress at Q (5,0), the Ip-Vg
measured for Q (0,0) condition still showed substantial degradation from the initial Ip-Vg
characteristic at Q (0,0), indicating semi-permanent trapping processes. This can also
be visualized by plotting the Alp/Ip max ratio in Figure 11b for the high stress Q (5,0)
condition.

The shift in the current levels under stress was 30% of the pre-stressed current max-
imum, while 5 min of recovery reduced it to 25-27%. On the other hand, repeating the
same stress-recovery cycles as in Figure 11a, but under the presence of UV light displayed
substantial improvement. As highlighted in Figure 11b, under UV light, for the highest
stress condition of Q (5,0), the shift in the current levels was less than 10%. Furthermore,
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letting the device recover for 5 min thereafter, the deviation in the Ip-Vg at Q (0,0) from
the unstressed initial Ip-V¢ at Q (0,0) was found to be negligible (Alp /Ip, max = 2-3%, not
shown).

Based on these observations, a powerful transient setup was employed to take a
closer look at the evolution of induced Vy, shifts under longer gate stress durations, in
the presence of different monochromatic light energies. This versatile setup accurately
evaluates Vy, transients in the 10 us-100 s range where a typical measurement consists
of 100 s of stress and 100 s of recovery. Twenty-two fast Ip—Vg measurements of 10
us each are performed during the stress/recovery phases to compare the evolution of
Vin. During initial measurements using this technique, small negative Vy, shifts were
observed at low stress voltages [89,112], and high positive Vy, shifts were observed for
gate stresses of 4 V and higher [44]. To investigate the effects of light-assisted de-trapping,
the recovery was repeated under different wavelengths of light, following 100 s of trap
filling at VG stress =5 V, and Vp sgress= 0 V.

Figure 12 presents the results of the light-assisted Vy, transient technique. In Figure 12a,
a positive Vy, shift of 0.75 V is seen after 100 s of stress at Vg syess = 5 V. The recovery
transient (at Vgrec = 0 V and VpRe. = 0 V) in response to this stress, was measured un-
der dark and under monochromatic light energies from 1.6 eV to 3.1 eV, as illustrated in
Figure 12b,c. Under dark conditions, the recovery is slow and hence incomplete [113] at
the end of the 100 s of recovery phase. For low photon energies, such as 760 nm, only
50% (0.35 V) of the stress-induced PBTI was recoverable within 100 s. For higher photon
energies, de-trapping was found to be gradually accelerated. The threshold energy (associ-
ated to the lowest energetic position of deep bulk states) for improved de-trapping was
identified to be 2.95 eV (420 nm), while complete recovery of the 0.75 V of positive Vy, shift
was observed within the 100 s window for the 3.1 eV (395 nm) case. As can be noticed in
Figure 12b, all photon energies below 2.7 eV did not induce any significant changes, with
small/negligible recovery. Small variations observed below this threshold in Figure 12¢c
may be ascribed to small (5-10%) measurement inconsistencies and/or noise.
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Figure 12. Vy, transient measurements (a) Shift in Vi, (Vi,—Vine1o ps) during stress phase of 100 s
at VG siress = 5 V. (b) Vi, evolution during recovery phase of 100 s at Vg syress = 0 V under varying
light wavelengths from 760 nm to 395 nm, following equivalent stress phases as described in (a),
(c) absolute Vy, shift during recovery (Via100s — Vina@ious during recovery) versus the light energy.

A direct takeaway from this would be the presence of trap states located energetically
between 2.9 eV and 3.1 eV from the conduction band of the oxide, which equates to 0.8
to 1.0 eV from the conduction band of the semiconductor, considering a conduction band
offset of 2.16 eV [86] at the Al,O3/GaN interface.

The final light-assisted technique to identify trap distributions is the photo assisted
CV method [44,114]. This measurement approach evaluates the distribution of interface
states located along the gate dielectric interface to GaN. In this method, capacitance-voltage
measurements, obtained under a photo-assisted de-trapped condition and a bias-induced
trapped condition, are compared to quantify the interface state density. The use of UV light
allows us to empty all defects at the interface (when the device is in depletion) to probe
interface states deep within the bandgap. The results of the photo-assisted CV experiment
are displayed in Figure 13.
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Figure 13. Photoassisted CV method for Dj; extraction; (a) Capacitance-time transient during expo-
sure to UV light at Vg = 0 V; (b) Capacitance-time transient during filling of traps at Vg =5 V. (c) C-V
comparison between detrapped (after UV light) and trapped state. (inset) Electron D;; vs. Eg,

The devices are biased in depletion condition for a short time and then exposed to UV
light in order to empty all traps at the interface, as shown in Figure 13a. In the presence
of UV light, electron-hole pairs are generated, accompanied by an increasing capacitance
transient due to the release of trapped charge inside the depleted region. The duration of
UV exposure is 50 s, until the capacitance level saturates. This is followed by a longer time
interval in the dark (500 s) to allow enough time for the excess photo-generated carriers to
leave the system and reach thermal equilibrium. Then, the de-trapped capacitance-voltage
curve from depletion to accumulation is measured from Vg =0V to 5 V (see Figure 13c).
Bias at the end voltage (5 V) is maintained for a moderate filling time (80 s), to induce
charge trapping at insulator and interface states, as shown in Figure 13b. Finally, the
second C-V curve of the trapped device is measured from accumulation to depletion. The
difference in C-V slope of the trapped and de-trapped curves allows the extraction of Dj;
versus energy, while the fixed shift in the curves is proportional to the amount of charge
trapped in the bulk of the oxide and/or in near-interfacial or border traps. The Dj; profile
(inset of Figure 13c) reveals shallow traps located around 0.3 eV from the conduction band.

Based on the observations in Section 4, the following inferences regarding relevant
trapping mechanisms under forward gate stress can be drawn, as also summarized in
Figure 14.
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Figure 14. Energy band diagrams illustrating trapping locations in the Metal / Al,O3 /GaN system
(a) mechanisms activated at low Vg stress. M1: negative AVy, due to detrapped electrons from oxide
towards metal. M2_V ow: moderate and recoverable positive AVy, due to injection of electrons from
GaN accumulation into the border oxide traps; (b) mechanisms strengthened at high gate stress,
M2_Vyigy: strong positive AVy, due to electrons injection into energetically deeper interface traps
or bulk states in the dielectric. M2_Vyygy causes semi-permanent trapping which requires external
light energy (inducing de-trapping) for achieving fast recovery of Vy, [44].

The small NBTI observed during Vy, transients at low gate stresses (<2 V) is attributed
to de-trapping of electrons within the gate oxide to the metal (M1 in Figure 14). When
medium gate stresses are applied (=34 V), small amounts of PBTI can be attributed to
electron trapping from the semiconductor towards border states in the dielectric (M2_Viow
in Figure 14). Vy, shifts owing to this process are recoverable once stress is removed and
the Fermi level is restored, even under dark conditions if enough recovery time is provided.
For high gate stresses (>4V), strong PBTI is induced, and this contribution suffers from low
recovery under dark conditions, even for long recovery times (~ days). The mechanism
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responsible for this semi-permanent Vy, degradation (M2_Vyjgy in Figure 14) is due to
the worsening of M2 under high fields, resulting in electron transport from the channel
to energetically deeper trap states along the interface, or further within the bulk of the
dielectric. To enable de-trapping from these deeper trap states, light energy >2.9 eV is
required.

5. Conclusions

In this paper, we have summarized some of the most relevant challenges for the
development of reliable GaN-on-5i vertical trench MOSFETSs, for application in power elec-
tronics. Specifically, we presented the results of recent case studies, aimed at investigating
(a) the origin of OFF-state leakage current, (b) the role of p-body doping in determining the
breakdown voltage of the vertical stack, (c) the substantial improvement of reliability that
can be obtained through the use of a bi-layer gate insulator, (d) specific failure mechanisms
related to the optimization of the trench etching and cleaning procedure, and (e) a set of
advanced results on the physics of interface trapping phenomena, obtained through the
use of pulsed/transient measurements carried out in dark and under light. The obtained
insights help understanding the current issues faced by the GaN for power community;,
and demonstrates strategies for identifying and analyzing the structural, leakage and
trapping constraints to realize efficient and economical GaN-on-Si devices. If the pace
of development and innovation within GaN-on-Si technologies is sustained, the benefits
could prove to be revolutionary for the power semiconductor industry.
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Abstract: Gallium nitride is a wide bandgap semiconductor material with high electric field strength
and electron mobility that translate in a tremendous potential for radio-frequency communications
and renewable energy generation, amongst other areas. However, due to the particular architecture
of GaN high electron mobility transistors, the relatively low thermal conductivity of the material
induces the appearance of localized hotspots that degrade the devices performance and compromise
their long term reliability. On the search of effective thermal management solutions, the integration of
GaN and synthetic diamond with high thermal conductivity and electric breakdown strength shows a
tremendous potential. A significant effort has been made in the past few years by both academic and
industrial players in the search of a technological process that allows the integration of both materials
and the fabrication of high performance and high reliability hybrid devices. Different approaches
have been proposed, such as the development of diamond /GaN wafers for further device fabrication
or the capping of passivated GaN devices with diamond films. This paper describes in detail the
potential and technical challenges of each approach and presents and discusses their advantages
and disadvantages.

Keywords: diamond; GaN; HEMT; thermal management; GaN-on-diamond; CVD

1. Introduction

Gallium nitride (GaN) is a wide bandgap compound III-V semiconductor with high
breakdown electric field, high electron mobility, and high electron saturation velocity
that translate in a tremendous potential for high power and high frequency applications
(Table 1). The GaN high electron mobility transistor (HEMT) is a device that takes advantage
of the two-dimensional electron gas (2DEG) that spontaneously forms at an aluminum
gallium nitride (AlGaN)/GaN heterojunction thanks to the strong internal piezoelectric
and spontaneous polarization. This 2DEG typically exhibits high values of sheet carrier
density (~10'® cm~2) and carrier mobility (1000-2000 cm?/(V-s)) [1].

GaN HEMTs can be used in power switching for information technologies, automotive,
healthcare, and industrial manufacturing applications [1-3]. Thanks to the large bandgap,
leakage currents in GaN power devices are orders of magnitude smaller than in silicon (Si),
allowing for operation at higher temperature without thermal runaway and reducing the
cooling requirements. The high breakdown electric field allows shorter drift distances for a
given blocking voltage, when compared to Si devices, yielding to a drastic reduction in the
specific on-resistance that in turn translates into smaller device area and correspondingly
lower capacitance. This reduces switching losses and enables higher switching frequencies.

GaN HEMTS have also paved their way into mobile and satellite communications and
radar systems [4]. In addition to the properties listed above, the high breakdown electric
field of GaN allows higher matching impedances and circuits with broader bandwidth and
high power-added efficiency (PAE) [5]. The ability of GaN to withstand higher temperatures
further increases the power density of a given HEMT device and power amplifiers with
absolute power levels of tens to hundreds of Watts have been reported [6].
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Table 1. Selected properties of relevant semiconductors [1,6-13].

Material Property Si SiC GaN Diamond
Bandgap 2.9 (6H)/
V) 1.12 32 (4H) 34 5.47
Breakdown field 2.5 (6H)/
(106 V/cm) 0.25 3 (4H) 3-3.75 20
Electron mobility 415 (6H)/
(cm?/(V-)) 1350 950 (4H) 1100-1300 2400
Thermal conductivity . 2200 (single crystal)
(W/(m-K)) 150 380-450 130-210 >1800 (polycrystalline)
Coefficient of thermal expansion 5.6 (ag)/
(x10-6 K-1) 2.6 3.08 32 (co) 0.8

Despite the fact that commercial HEMT devices based on a different combination of
processes and design technologies are currently available from a broad range of manu-
facturers [4], GaN-based technologies still face some challenges that affect their overall
performance and limit their potential benefits.

1.  Due to the intrinsic nature of the 2DEG, GaN HEMTs are normally-on (depletion
mode) devices. For power switching applications, normally-off devices are preferred
due to static power consumption, simplification of circuit design, and safety concerns.
Normally-off transistors can be obtained with different techniques [14], however their
performance is typically worse than that of their normally-on counterparts [15,16].

2. The existence of electrically active surface traps located at the passivation/top-layer
interface [17] and of bulk traps present in the GaN and buffer layers [18] induces
effects such as current collapse [19-21], dynamic on-resistance (or knee walkout) [22],
degradation of cut-off frequency [23], and DC-RF dispersion [24], which compromise
the reliability of the devices and prevent harnessing the full potential of GaN HEMT
power devices [25].

3. Due to the intrinsic nature of GaN HEMTs, harsh and localized self-heating in the
conducting channel may occur [26]; this effect increases with the device power density
and further compromises reliability [22,27]. On one side, the electrical behavior of
the traps mentioned in the above paragraph is temperature-dependent [25]. On the
other side, additional phonon scattering in the channel degrades the 2DEG effective
carrier mobility, leading to degraded DC and RF performance [28]. Finally, since
the relation between the mean time-to-failure (MTTF) of an electronic component
and its operating temperature is semi-exponential [29], even a small temperature
reduction can have a great impact on the lifetime of HEMTs with thermally-activated
degradation mechanisms [30].

From what was described above, it can be concluded that the capability of efficiently
transferring the heat away from the localized hotspots and the consequent control of the
device temperature is fundamental to achieve high levels of stability and reliability in
HEMT applications [31]. Diamond has the highest thermal conductivity (k) of any bulk
material, and the integration of diamond films and GaN HEMTs as substrates or packaging
has already proven to enhance the extraction of the heat generated during the devices
operation, leading to a substantial decrease in the junction temperature as well as to an
increase in the maximum power density the HEMTs can safely handle. This anticipates a
superior high-frequency handling capacity, higher energy efficiency and flexibility, and a
better utilization of the electromagnetic spectrum.

Diamond has been successfully integrated with HEMT devices following different
approaches. This manuscript aims at describing each of them in detail, pointing out the
technical challenges and benefits, and providing the reader with a critical discussion of the
feasibility of each approach. The manuscript is organized as follows: Section 2 discusses the
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critical aspects that impact the thermal management of GaN HEMTs; Section 3 describes
the different strategies that have been followed by different groups to integrate diamond
and GaN into high performance devices; Section 4 describes the challenges faced by each
integration technology and discusses their feasibility; Section 5 draws the main conclusions
and Appendix A summarizes the performance of the different GaN/diamond HEMTs
reported so far.

2. Thermal Management of GaN HEMTs
2.1. GaN HEMT

The concept of mobility enhancement through modulation doping of an aluminum
gallium arsenide (AlGaAs)/gallium arsenide (GaAs) multilayer heterojunction was intro-
duced by Dingle et al. in 1978 [32]. Since the energy of the GaAs conduction band is lower
than the energy of the AlGaAs donor states, electrons from the later move into the GaAs
regions, forming a 2DEG. By introducing a rectifying contact on top of the heterojunction,
Mimura et al. [33] were able to control, by field effect, the concentration of the 2DEG. Soon
after the deposition of high quality GaN films on sapphire substrates by Metalorganic
Chemical Vapor Deposition (MOCVD) [34] and using the same principle, the AlGaN/GaN
HEMT was reported by Khan and co-workers [35]. In a conventional AlGaN/GaN HEMT,
the current flowing in the 2DEG channel between the source and drain Ohmic electrodes is
modulated by a negative bias applied to the gate Schottky contact.

The cross-section view of a general GaN HEMT structure is shown in Figure 1 and the
k of the materials typically used are listed in Table 2. The actual structure, composition,
and thickness of each layer in a particular HEMT depend on its specific purpose and/or
the vendor’s manufacturing practices. Since the review and discussion of the literature
presenting different devices modifications is out of the scope of this work, only the layers
considered relevant to the thermal transport are represented in Figure 1. Other possible
layers (not shown) would include the spacer and cap layers.

Field plate

2 D

© r

lr‘ SiN passivation Gate a

¢ | AlGaN barrier :
. n

e

GaN buffer + channel

AlGaN/GaN strain relief layer
AIN nucleation layer

Figure 1. Simplified representation of an AlGaN/ GaN HEMT structure; drawing not to scale.

1. Substrate. Homoepitaxial growth of GaN-based films is hampered by the limited
availability of GaN substrates in standard wafer sizes. As a consequence, the different
layers are typically deposited by either Molecular Beam Epitaxy (MBE) or MOCVD
onto sapphire, Si, or silicon carbide (SiC) substrates. Epitaxial films with dislocation
densities of 108 cm~2 are typically obtained [36]; dislocation densities lower than
10”7 cm~2 involve hydride vapor phase epitaxy (HVPE) growth.
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2. Nucleation layer. The deposition of high quality epitaxial GaN films with smooth
surfaces and low dislocation density is not a straightforward task due to lattice
mismatch and to the difference in the coefficients of thermal expansion (CTEs) of
GaN and substrate [37]. A nucleation layer, typically 40-200 nm of aluminum nitride
(AIN) [38], is thus initially deposited on the substrate surface for strain accommodation
and increased interface resistivity [39,40].

3. Strain relief layer. AlGaN/GaN transition layers, often up to 1 pm thickness, fur-
ther accommodate the lattice mismatch during the growth of GaN on the foreign
substrate [41].

4. GaN layer. A 0.6-1.5 um-thick GaN buffer layer that provides electrical isolation to
reduce substrate leakage and prevents the propagation of threading dislocations and
contaminants that might migrate from the substrate into the top high quality channel
region follows.

5. Barrier layer. The typically 5-25 nm-thick barrier layer can be made of AIN [42],
indium gallium nitride (InGaN) [43], or other high bandgap alloys, but Al,Ga;_xN
with an aluminum (Al) fractional content in the range of 22-32% [6] is the most widely
reported material.

6.  Passivation layer. A thin dielectric layer, typically silicon nitride (SizNy4), compensates
the surface/interface states responsible for the current collapse issue by introducing
shallow donors [44].

7. Field plate. The source and gate-connected field plates are usually employed to reduce
the strength of the electric field near the gate terminal, reducing the gate tunneling
injection current responsible for charging the surface traps [45].

Table 2. Typical thermal conductivity of the materials present in an AlIGaN/GaN HEMT [1,7,9-11,46-48].

Thermal Conductivity

Material (W/(m-K))
Sapphire 46
Si 150
SiC 380-450
Single-crystal diamond 2200
Polycrystalline diamond >1800
GaN 130-210
AIN 130
Al Ga;_4N 10-11
InyGa; _«N 5-11
SiN 1.6

2.2. Getting the Heat Out

Thanks to the high breakdown voltage and saturation velocity of carriers in the 2DEG,
AlGaN/GaN HEMTs are able to handle substantial power densities, which result in self-
heating and highly-localized power densities (in some cases as high as 10° W /cm?) [49].
The resulting high temperatures decrease the MTTE, the performance, and the reliability
of HEMT devices—and this makes the implementation of efficient thermal management
techniques mandatory. This is particularly important for devices that have inherently
small features yet process large power densities, such as high-power RF/millimeter-wave
transistors and single-mode visible semiconductor lasers.

Most of the heat generated during device operation will diffuse from the hotspot
through the different layers represented in Figure 1 until it reaches the heat sink attached
to the back of the substrate. A few intrinsic obstacles hinder the transfer of the heat
towards the heat sink. The AlGaN/GaN strain relief transition layers improve the electrical
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performance at the top of the GaN layer, however, if the concentration of Al is higher
than 5%, the k of the AlGaN decreases to around 1/10th that of bulk GaN, hampering the
transfer of heat from the GaN buffer layer to the underlying substrate [41].

The thermal transport across the strain-relief layer /nucleation layer/substrate inter-
faces also plays an important role in determining the overall k of the GaN HEMT material
system. The existence of an interface between two solids results in the scattering of thermal
energy carriers (electrons and phonons), which translates in the appearance of a thermal
boundary resistance (TBR) between the different materials and in a temperature disconti-
nuity across the interface [50,51].

Despite its low thickness in comparison to the GaN layer, the nucleation layer pro-
foundly impacts the transport of heat from the strain relief layer towards the underlying
substrate. Instead of being composed of high quality AIN, this layer contains dislocations,
grain boundaries, and point defects (impurity atoms and vacancies) [52,53], within the
itself or near the interfaces, that hinder heat transport by increasing phonon scattering rates
and reducing the phonon mean free path [54].

The interfacial and nucleation layer thermal resistances contribute with an effective
TBR between the strain relief layers and the substrate between 10 and 70 m?2-K/GW [38] that
may cause an additional 30-50% channel temperature rise in AlGaN/GaN HEMTs [38,55].

2.3. Why GaN-Diamond HEMTs?

In the search of good thermal conductors, carbon-based materials, such as highly
oriented pyrolytic graphite (HOPG), graphene, and diamond, are obvious candidates.

HOPG is an anisotropic material with high in-plane « (kinplane ~ 2000 W/ (m-K))
but a much lower out-of-plane k (Kout-of-plane = 6-9 W/(m-K)) [56]. Despite being also an
electrical conductor, graphite already found its place for thermal management of electronic
components at system level, and high « graphite films for assembling integrated circuits
or CPUs, for example, are available from a few vendors. Other examples include graphite
heat sinks [57] and composite graphite/metal laminates [58].

Graphene is another anisotropic material with even higher in-plane «
(Kin-plane > 3000 W/ (m-K)) [59]. However, the particular value of k depends significantly
on the preparation method and can be reduced greatly up to one order of magnitude
compared to that of pristine graphene because of poor alignment and structural defects
in the material [60]. Due to its intrinsic 2D nature, electrically conductive graphene films
are more suited for integration at device level. In 2012 Yan et al. [61] reported the use of
graphene quilts for the thermal management of GaN HEMTs, obtaining a ~20 °C decrease
in the hot spot temperature in transistors operating at ~13 W/mm.

Diamond is an isotropic material with high k (2200 W/(m-K), increasing to 3300 W/ (m-K)
in the case of isotopically pure material) while being electrically insulating, with a break-
down field 60 times greater that of Si (2 x 107 V/cm [13])—Table 1. Single-crystal diamond
(5CD), grown by high pressure high temperature (HPHT) method, has the best thermal and
electric properties; however its area is limited to a few mm?. Alternatively, polycrystalline
diamond (PCD) films can be grown by chemical vapor deposition (CVD) on large-area
substrates such as Si, overcoming the area limitation while still guaranteeing « values in
the range 1000-1800 W /(m-K) [62].

3. Integration of Diamond and GaN

The integration of diamond and GaN for the fabrication of HEMTs with superior
thermal handling capability has been an active research topic involving academic and
industrial institutions for more than 20 years. Generally speaking, the integration of both
materials can be done in two ways: replacing the GaN substrate with diamond or placing
the diamond on top of the device, close to the gate hotspot.

The fabrication of GaN-on-diamond wafers can be made using three fundamentally dif-
ferent approaches: (i) depositing diamond films by CVD directly on the back of GaN wafers,
following the substrate removal (hereafter referred to as GaN-on-diamond); (ii) bonding
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GaN HEMT wafers and diamond substrates (bonded wafers); and (iii) growing the epitaxial
GaN layers directly on diamond substrates (GaN epitaxy). Placing the diamond on top
of the HEMT device can be done simply by growing the diamond films directly on the
passivated surface of the device (capping diamond).

The historical evolution of each approach is presented in detail in the following paragraphs.

3.1. GaN-on-Diamond

The GaN-on-diamond concept was initially introduced in 2003 [49]. The original idea
relied on the deposition of the PCD film directly on the back of the GaN layer. The first
GaN-on-diamond wafer pieces were produced in 2004 by etching the Si substrate of a GaN
wafer initially deposited by MOCVD, followed by depositing a 50 nm-thick dielectric layer,
and then by growing a 25 pm-thick PCD film by hot filament CVD (HFCVD). The PCD
was deposited on the Ga-face, leaving behind an N-face GaN-on-diamond wafer after the
etching of the temporary Si carrier. The fabrication process remains fundamentally the
same till today and is represented in Figure 2. The required steps involved (i) performing
the GaN epitaxy on a Si substrate, (i) bonding the GaN HEMT epilayers onto a temporary
Si carrier, (iii) etching away the original host Si substrate, (iv) depositing a 50 nm-thick
layer of SiN onto the exposed rear face of the GaN, and (v) depositing a 25 pm-thick PCD
film by HFCVD onto the dielectric. Finally, by (vi) removing the temporary Si carrier, a
free-standing GaN-on-diamond wafer was obtained.

Temp. carrier
Diamond CVD

Dielectric layer : ;
|

]
GaN

GaN GaN GaN GaN GaN
Temp. carrier Temp. carrier Temp. carrier Diamond

Figure 2. GaN-on-diamond fabrication steps.

By 2006, the process had been optimized to fabricate a Ga-face (i.e., right side up)
GaN-on-Diamond HEMT epitaxial wafer and the operation of an AlGaN/GaN HEMT with
a 25 um-thick PCD film located 1.2 um below the electron channel was reported [63]. The
scanning electron microscope (SEM) cross-section of the GaN-on-diamond wafer is shown
in Figure 3a. These first unpassivated HEMTs had a high contact resistance that translated
in low current capability (maximum drain current Ip max = 306 mA/mm) and low peak
transconductance (¢m peak = 70 mS/mm). Further iterations improved the performance of
the HEMTs [64,65], nevertheless, and in spite of having half the thermal resistance Ry, of
GaN-on-5iC HEMTs (=26 against ~12 K-mm /W, respectively), in 2007 GaN-on-diamond
HEMTs were still outperformed by GaN-on-SiC technology—Figure 3b. By 2009 GaN
HEMTs with 75 pm of PCD showed cut-off (f1) and maximum oscillation (f max) frequencies
of 85 and 95 GHz, respectively [66], and soon after that the first RF power amplifier
module [67] was reported.

In 2011 DARPA introduced the Near Junction Thermal Transport (NJTT) concept that
aimed at extracting the heat from within 1 um of a transistor’s active region. The low «
AIN/AlGaN nucleation/transition layers under the GaN channel were eliminated [41,68,69],
allowing the deposition of the films within a few hundreds of nanometers away from the
hot junction, and the thermal conductance between the GaN and the diamond was more
than doubled. Continuous wave (CW) load-pull tests performed at 10 GHz showed that
the GaN-on-diamond HEMTs reached over 7 W/mm output power density (Pp) and 46%
PAE at 40 V drain bias (Vp) [70]; however, and despite showing a 25% lower temperature
rise for the same thermal power than their GaN-on-SiC counterparts, these devices had a
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high gate leakage current associated with residual surface defects in the gate region which
still prevented the harnessing of the full potential of the technology.
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Figure 3. (a) SEM cross-section of a GaN-on-diamond wafer (© 2006 IEEE. Reprinted, with permission,
from G. H. Jessen et al., “AlGaN/GaN HEMT on diamond technology demonstration,” Tech. Dig.—
IEEE Compd. Semicond. Integr. Circuit Symp. CSIC, pp. 271-274, 2006 [63]). (b) Electrical
characteristics of similar GaN-on-diamond (solid symbols) and GaN-on-SiC (open symbols) HEMTs;
output power and PAE measured at 10 GHz CW class B operation and 20 V Vp (© 2007 IEEE.
Reprinted, with permission, from J. G. Felbinger et al., “Comparison of GaN HEMTs on diamond and
SiC substrates,” IEEE Electron Device Lett. [65]).

The « of the diamond films was further improved by replacing the HFCVD process
with microwave plasma CVD (MPCVD) and by the end of the NJTT program, in 2014, the
GaN-on-diamond technology had allowed the reduction of the junction temperature by
40-45% and the tripling of the areal RF power density in comparison with GaN-on-SiC [71].

At the same time the bottleneck of the heat extraction was recognized to be the
TBR between GaN and diamond (TBRgaN/diamond) [72] and most of following research
focused on decreasing it, whether by decreasing the dielectric thickness, by using a different
dielectric, or by optimizing the diamond nucleation layer [10,72-84]. The impact of the
thickness of the GaN buffer layer on the Ry, of the HEMT devices [85-90] and the effects
of the stress caused by the difference in the CTEs of GaN and diamond [91-96] were also
evaluated by different research groups. A more detailed description and discussion of the
main findings is included in Section 4.1. The mechanical and thermo-mechanical integrity
of the diamond /GaN interface, which impacts profoundly the reliability of the devices, was
also addressed [97-99]. As a general finding, Liu et al. concluded that the GaN/diamond
interface has a high mechanical stability, showing the potential of this material system for
the fabrication of reliable devices [97].

The performance of more recent HEMT devices was thoroughly analyzed by Ranjan
and co-workers [28,100], who evaluated the effect of the bias conditions on the self-heating
and transport properties of GaN-on-Si and GaN-on-diamond (with 30 nm of SiN) HEMTs.
A ~4 times improvement in the DC and RF performances of the later was observed. The
DC Pp of GaN-on-diamond HEMTs was 27.56 W/mm for 55 V applied Vp, whereas
GaN-on-Si devices were burnt at ~9 W/mm for 20 V V. The reduction of Ip pax due
to channel self-heating for GaN-on-diamond and GaN-on-S5i HEMTs was 10% and 33%,
and for Vp =10V f1/fmax were 10.2/31.4 GHz and 7/18.2 GHz, respectively. The GaN-
on-diamond HEMT had an almost constant small signal gain for Vp between 10 and 40 V.
Finally, the increase rate of the gate current with Vp was 3.3 times smaller for GaN-on-
diamond devices. Figure 4a—c show some of the devices’ electrical characteristics.
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Figure 4. (a) Ip versus Vp characteristics, (b) Transfer characteristics for different Vp, and (c) Tem-
perature rise versus Pp for similar GaN-on-diamond and GaN-on-Si HEMTs (reprinted from [28];
permission conveyed through CCBY 4.0: https://creativecommons.org/licenses /by /4.0/~ (accessed
on 7 October 2021)).

In 2019, HEMTs fabricated on latest generation Element Six GaN-on-diamond wafers
(with a 30 nm-thick dielectric layer) showed 2.95 K-mm/W Ry,, 56 W/mm DC power
capability, and average/maximum channel temperature of 176/205 °C [101]. Neverthe-
less, these devices had high leakage currents which ultimately limited their breakdown
voltage, showing there is still some room for optimizing the fabrication process and maxi-
mizing the performance of GaN-on-diamond HEMTs. In the same year, researchers from
RFHIC [102] reported the fabrication of 4” GaN-on-diamond wafers with a TBRGaN /diamond
of 31.0 m?-K/GW and an uniformity of £10%. The development of an inner slot via
hole process allowed the opening of 10 pm-diameter holes in the diamond using a laser
drilling process—Figure 5. On-wafer pulsed load-pull tests performed at 2 GHz revealed
18.1 W/mm Pp, for an encapsulated 10 x 200 um gate HEMT.

300 (um) x 300

Figure 5. Inner slot via hole shape on source pad (© 2019 IEEE. Reprinted, with permission, from
W. S. Lee, et al., “A GaN/Diamond HEMTs with 23 W/mm for Next Generation High Power RF
Application,” in IEEE MTT-S International Microwave Symposium Digest, 2019, vol. 2019-June,
pp- 1395-1398 [102]).
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Table 3. Evolution of GaN-on-diamond technology.

The evolution of the relevant technological parameters (dielectric material and thick-
ness, diamond film «k, and value of TBRgaN/diamond) Since 2006 is listed in Table 3. It
can be seen that most of the GaN-on-diamond HEMTs fabricated by this method fea-
ture a ~30 nm-thick SiN layer, and a TBRGaN/diamond in the range of 20-30 m?-K/GW.
Section 4.1 describes in more detail the impact of the dielectric layer on the experimental
TBRGaN/diamond Values and the electrical parameters of GaN-on-diamond HEMTs fabri-
cated so far using this method are summarized in Table Al in the Appendix A.

Dielectric Layer

Diamond Film

R . TBRGaN/diamond
Ref. Year Thickness Material CVD Type/Thickness K (m2-KIGW)
(nm) (um) (W/(m-K))
[63] 2006 - - HFCVD/25 - -
[66] 2009 - - 75 - -
[67] 2010 - - MPCVD/100 >1500 -
[69] 2013 40 - 30 - 36 +12P
[70] 2013 50 - HFCVD/100 - 182
[103] 2014 30 - 100 - 29 +£2b
25 HFCVD/95 710 27 +3a
[72] 2014 _ /
50 MPCVD/120 1200 362
50 17°b
[77] 2014 - MPCVD/110 1200
90 41b
[104] 2014 - - MPCVD 1600 19 £ 3P
476"
[105] 2014 - - 100 -
19b
34 HECVD/100 650 25 +3b
[78] 2015 100 SiN MPCVD/100 1500 504+ 5P
28 MPCVD/100 1500 124£2P
255+ 05P
[79] 2016 40 SiN MPCVD/100 1370
31.0+0.7°
31 SiN HFCVD/100 31.8+53P
[80] 2017 - 19.8 +4.1b
22 SiN MPCVD/100
174+ 3.0P
[81] 2017 30 SiN MPCVD/100 - 234 3b
SiN 650
5
[82] 2017 AIN MPCVD/1 100-700 159
No interlayer 61.1P
SiN 95+38/-1.7P
5
[10] 2018 AIN MPCVD/1 - 182+15/-3.6P
No interlayer 414 +14.0/-12.3"°
100 SiN 385+24P
[83] 2019 MPCVD/2 -
100 AIN 56.4 +5.5P
[102] 2019 35 SiN MPCVD/120 - 31.0+3.1°

199



Materials 2022, 15, 415

Table 3. Cont.

Dielectric Layer Diamond Film TBR G iamond
Ref. Year Thickness Material CVD Type/Thickness K (m2-K/GW)
(nm) (um) (W/(m-K))

50 SiN 33
[99] 2019 36 SiN MPCVD/100 - 22

41 SiN 15

36 ' 20°¢
[88] 2019 17 SiN MPCVD/75 - 3¢
[101] 2019 30 SiN MPCVD/100 - 18P
[106] 2020 20 Al 3,Ga N MPCVD/35 - 30+5P

Values obtained with ® Raman thermography, P transient thermoreflectance, and © from luminescence spectra.

3.2. Bonded Wafers

In 2013 BAE Systems proposed a “device-first” technology that allowed the placement
of the diamond heat spreader within 1 pm of the device hotspot [107,108]. After the
complete fabrication of the devices, the wafer was bonded to a temporary carrier and the
substrate and the GaN buffer layer were removed. The back side of the HEMTs was then
bonded at room temperature (RT) to a 1” square PCD diamond substrate, fabricated in a
different step, using an adhesive and pressing the two materials together. Thanks to the
low roughness of the GaN back surface after the removal of the buffer layers (<1 nm), and
depending on the k of the adhesive used, TBRGaN/diamond Was estimated to be in the range
15—60 m2-K/GW. The generic process flow is schematically represented in Figure 6.

Temp. carrier

GaN GaN GaN
Temp. carrier Temp. carrier Temp. carrier
| Diamond Diamond Diamond

Figure 6. Bonding of GaN and diamond substrates.

In 2014, functional GaN HEMTs originally fabricated in a SiC substrate were bonded
to a 1”7 PCD wafer at a temperature lower than 150 °C [109] by means of a 35 nm-thick
layer of Si-containing bonding material [110]. The experimental value of TBRGaN/diamond
was 34 m?2-K/GW and the yield of the bonding process was ~70% (Figure 7a). Even when
dissipating 3 times more power, the temperature of the GaN-on-diamond HEMTs was
lower than that of their GaN-on-5SiC counterparts. However, original GaN-on-SiC devices
outperformed GaN-on-diamond ones: Ip max and g, peak Were reduced by 16% and 11%,
respectively, after the GaN-on-SiC HEMTs were transferred to diamond. The degradation
of the DC characteristics was attributed to changes in residual mechanical stress in the
device epitaxial layers during the substrate transfer process, as well as to the mechanical
and chemical treatments applied. The RF characteristics of the GaN-on-diamond devices
also degraded in comparison with GaN-on-SiC ones: at 10 GHz and for Vp =20 V PAE/Pp
were 38%/3.4 W/mm and 48% /4.6 W/mm for both devices, respectively, when tuned for
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maximum power, and 42%/3.0 W/mm and 57%/4.1 W/mm (when tuned for efficiency).
According to the authors, this was primarily due to the omission of air-bridge structures in
the GaN-on-diamond devices with the unconnected device channels acting as RF parasitics
during power measurements.
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Figure 7. (a) GaN HEMTs bonded to a 1” PCD substrate (© 2014 IEEE. Reprinted, with permission,
from K. K. Chu et al., “S2-T4: Low-temperature substrate bonding technology for high power GaN-
on-diamond”, Lester Eastman Conf. 2014—High Perform. Devices, LEC 2014, pp. 14, 2014 [109]).
(b) Comparison of input-output power curves obtained at 10 GHz for GaN/diamond HEMT with
3 times larger gate periphery than GaN-on-SiC HEMT (© 2015 IEEE. Reprinted, with permission,
from K. K. Chu et al., “High-Performance GaN-on-Diamond HEMTs Fabricated by Low-Temperature
Device Transfer Process,” 2015 IEEE Compd. Semicond. Integr. Circuit Symp. CSICS 2015, pp. 7-10,
2015 [111]).

Upon solving these issues, the PAE of 12 x 50 um GaN/diamond HEMTs increased to
51% and Pp to 11.0 W/mm at 10 GHz. For the same Vp, the Pp of 4 x 50 um GaN-on-SiC
HEMTs was only 9.2 W/mm, showing a 3.5 times areal power increase with GaN-on-
diamond HEMTs (Figure 7b) [111]. Even under these conditions, the temperature at the
center gates was slightly lower for the GaN-on-diamond HEMT than for the GaN-on-5iC
HEMT (195 against 202 °C, respectively). The main challenge of this process was identified
as the ability to achieve large area bonding with very low TBRGaN/diamond [110].

In 2017, Liu and co-workers [112] bonded HEMT devices previously fabricated on
SiC substrates to a 3” commercial PCD wafer at a temperature of 180 °C and obtained a
functional device yield over 80%. The experimental TBRGaN/diamond (51 m?-K/GW) was
still relatively high and the DC current showed a 12—19% reduction due to self-heating;
nevertheless, the peak junction temperature of a 10 x 125 pm HEMT with compressed gate
pitch of 20 um decreased from 241 to 191 °C after being transferred from the SiC to the
diamond substrate, suggesting a 20% reduction in Ry,. CW load-pull measurements were
performed at 10 GHz and class AB operation on 4 x 125 um/40 pum gate pitch HEMTs;
after being transferred to the PCD substrate, the same HEMT delivered 5.5 W/mm Pp with
a PAE of 50.5% (against 4.8 W/mm and 50.9% when on the original SiC substrate).

The RT bonding of GaN and PCD films [113] or SCD substrates [114,115] has also
been achieved using surface-activated-bonding (SAB). SAB is a direct solid state covalent
bonding method that takes place in ultra-high vacuum conditions without obvious interfa-
cial chemical reactions. The previous bombardment of the to-be-bonded surfaces with an
argon (Ar) ion beam induces the surface activation, generating surface dangling bonds and
making it possible to bond the surfaces at RT [116]. A few nm-thick Si interlayer is typically
sputtered on the diamond and GaN surfaces to improve the adhesion. The two activated
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surfaces are then pressed together at RT and the dangling bonds form covalent bonds at
the interface. Transmission electron microscope (TEM) images of the resulting uniform
GaN/diamond interface can be seen in Figure 8a (from [113]). After the bonding process
the Si layer was ~24 nm-thick. The bombardment of the diamond surface with Ar ions
induced its amorphization, creating an additional ~3 nm-thick amorphous diamond layer.
The thickness of the Si layer was further reduced to ~10 nm [115] (Figure 8b), creating
an interface with a TBRgaN/diamond Of ~19 m2-K/GW.In a slightly different experimental
setup, the surfaces activation was performed with a mixed beam of Si and Ar ions; the
thickness of both Si interlayer and amorphous diamond layer was reduced to ~2 nm
(Figure 8c) and the TBRGaN /diamond Was as low as ~11 m?2-K/GW. Despite these interesting
preliminary results, functional HEMTs on this GaN/diamond material stack are yet to
be reported.
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Figure 8. Cross-section TEM image of GaN/diamond interface obtained by SAB at room temperature
after (a) sputtering a ~12 nm (Reprinted from Scr. Mater., vol. 150, F. Mu et al., "Room temperature
GaN-diamond bonding for high-power GaN-on-diamond devices", pp. 148-151 [113], Copyright
2018, with permission from Elsevier) and (b) ~5 nm (Reprinted with permission from Z. Cheng et al.,
“Interfacial Thermal Conductance across Room-Temperature Bonded GaN-Diamond Interfaces for
GaN-on-Diamond Devices,” ACS Appl. Mater. Interfaces, vol. 12, pp. 8376-8384, 2020 [115].
Copyright 2020 American Chemical Society) Si nanolayer on both surfaces; (c) activating both
surfaces with a mixed beam of Si and Ar ions (Reprinted with permission from Z. Cheng et al.,
“Interfacial Thermal Conductance across Room-Temperature Bonded GaN-Diamond Interfaces for
GaN-on-Diamond Devices,” ACS Appl. Mater. Interfaces, vol. 12, pp. 8376-8384, 2020 [115].
Copyright 2020 American Chemical Society).

Using a similar SAB method with an intermediate Si nanolayer, in 2019 Mitsubishi
Electric Corp. announced the successful transfer of a GaN-on-Si multi-cell HEMT to
a SCD substrate [114]. No voids were identified in the ~6 nm-thick bonding interface
and the improved DC characteristics of the GaN-on-diamond devices showed that the
GaN HEMTs layers were successfully transferred to the diamond substrate (Figure 9).
This achievement is expected to improve the PAE of high-power amplifiers in mobile
communication base stations and satellite communications systems, thereby helping to
reduce power consumption. Mitsubishi Electric targeted the commercial launch of GaN-on-
diamond HEMTS for 2025.

Wang et al. [117] reported bonding GaN and SCD/PCD diamond substrates at RT and
in atmospheric air. Following the surface activation with Ar ions, a double molybdenum
(Mo)/gold (Au) layer (5 nm/11 nm) was sputtered on the surfaces of both materials and
they were pressed together with an applied load of 2000 N. The bonded surfaces showed
a voidage as low as 1.5% and the bonding strength was evaluated as 6.8 MPa. Even
though no thermal measurements were made, after 1000 cycles of thermal cycling between
—45 and 125 °C the bonding area remained at 73%, suggesting that the Mo/ Au nanolayer
can effectively balance the difference in the CTEs of GaN and PCD wafers.
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——GaN-on-Diamond HEMT

..... GaN-on-5i HEMT

Figure 9. (a) Cross-section TEM image of GaN/diamond interface obtained by SAB. (b) Ip-Vp char-
acteristics of GaN-on-Si (dashed lines) and GaN/diamond (solid lines) HEMTs (reprinted from [114],
Copyright 2019 The Japan Society of Applied Physics).

Minoura and his colleagues from Fujitsu Limited [118] bonded AlGaN/GaN and
indium aluminum gallium nitride (InAlGaN)/GaN-on-SiC HEMTs to SCD substrates by
a modified SAB method. A thin (<10 nm) titanium (Ti) layer was previously deposited
on the surface of the SCD substrate to prevent the amorphization of the diamond surface
during the bombardment with the Ar ions. The TEM image of the SiC/diamond interface
is shown in Figure 10a. Using this method, the TRB at the diamond/SiC interface was
66 m2-K/GW and the Ry, of the AlGaN/GaN HEMT bonded to the SCD substrate was
about 1/3 compared to that without diamond. The Pp of InAIGaN/GaN HEMTs measured
with pulsed load-pull measurements (for Vp = 50 V, a pulse width of 10 ps, and 10%
duty cycle) increased from 14.8 to 19.8 W/mm with the bonding of the SCD heat spreader
structure. With 1% duty cycle, the SCD-bonded HEMT showed a Pp of 22.3 W/mm.
Figure 10b,c show the variation of the normalized Pp with the duty-cycle and the Pp as a
function of Vp, respectively.
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Figure 10. (a) Cross-section TEM image of SiC/SCD interface obtained by SAB after protecting
the diamond surface with a Ti film. (b) Normalized Pp vs. duty-cycle. (c¢) Pp as a function of Vp
(reprinted from [118], Copyright 2020 The Japan Society of Applied Physics).
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SAB of GaN HEMTs and diamond was also achieved by sputtering a 450 nm-thick AIN
layer on both GaN AIN nucleation layer (after removal of the Si substrate) and diamond
surfaces, followed by surface activation with an Ar*-based plasma and by thermocom-
pression at 160 °C [119]. The strain relief layers and the AIN nucleation layer prevented
the flow of heat from the top GaN layer into the diamond substrate; as a consequence,
the temperature of the HEMT on the diamond substrate was higher than that on the Si
substrate [120].

Van der Waals (VdW) bonding, a process first employed for GaAs thin films [121],
has also been used to bond GaN devices and SCD/PCD substrates at temperatures below
300 °C [122,123]. This technique guarantees a good thermal interface (TBRg,N/scp Was
estimated to be as low as 10 m?-K/GW [122]) without the observation of stress or degrada-
tion. RF-devices operating at 3 GHz with improved efficiency (PAE of 54.2% against 50.6%
for GaN-on-Si HEMTs)) were demonstrated with SCD; on the other hand, the bonding
obtained with PCD was not reproducible [123].

The evolution of the relevant technological parameters of GaN/diamond bonded
wafers is summarized in Table 4. The TBR of the GaN/diamond interface obtained after the
SAB and VAW bonding of GaN and SCD can be as low as 11 and 10 m?-K/GW, respectively.
Functional HEMTs have been fabricated on GaN bonded to SCD and PCD substrates. The
electrical parameters of HEMTs fabricated using this method are summarized in Table A2
in the Appendix A.

Table 4. Evolution of GaN/diamond bonded wafers technology.

Adhesive Layer
Ref Year Thick Diamond Substrate Bonding Process TBR
. ickness Material (m?-K/GW)
(nm)

[107] 2013 - Si-based 1” x 1”7 PCD Pressing at RT -
[109] 2014 35 Si-based 1” PCD wafer Pressing <150 °C 34+52
[112] 2017 3040 - 3” PCD wafer Pressing 180 °C 51b
[113] 2018 24 Si 900 um-thick PCD on Si SAB RT -
[114] 2019 6 Si lcm x 1 em SCD SAB RT -

10 194
[115] 2020 Si SCD SAB RT

2 112
[117] 2020 2 x5/11 Mo/Au PCD/SCD SAB RT -
[118] 2020 10 Ti/Si 5mm x 5 mm SCD SAB RT 66 ©
[119] 2020 2 x 450 AIN - SAB 160 °C -
[122] 2018 No interlayer SCD VdW bonding 104

Values obtained with @ transient thermoreflectance,

d estimated from simulations.

on-wafer IR imaging system, ¢ periodic heating method, and

3.3. GaN Epitaxy

The last technique to fabricate GaN-on-diamond wafers involves the epitaxial depo-
sition of GaN on the diamond substrate. However, the deposition of epitaxial GaN films
on SCD on PCD substrates is inherently difficult, however, due to a series of factors [124].
First, the large lattice mismatch between the two materials (around 13%) can generate
defects and lead to poor crystal quality. It should be mentioned, however, that the lattice
mismatch between GaN and sapphire is even higher (16% [36]), so this fact alone is not
determinant. In addition to the lattice mismatch, the large difference in the CTEs of dia-
mond and GaN (0.8 x 107° K~! against 5.6 x 10~ K™, respectively, whereas the CTE of
sapphire is 7.5 x 107% K~!) can lead to a highly stressed interface that will further impact
the dislocating density and lead to the possible cracking of the GaN layer. Finally, in the
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case of PCD substrates, the absence of a fixed epitaxial relationship between the GaN and
the diamond increases the difficulty of nucleating a continuous epitaxial GaN layer.

Nevertheless, different groups have tried to grow GalN on diamond substrates. First
reports date from 2003, when Hageman and co-workers [125] reported the growth of
2.5 pm-thick polycrystalline and hexagonal GaN films on (100) natural SCD by a dual step.
A thin GaN layer was initially grown by MOCVD on a 10 nm-thick AIN nucleation layer
previously deposited on the SCD substrate. Subsequently, the MOCVD pre-grown samples
were used as templates for the growth of thick GaN layers using HVPE. The group later
reported the growth of 0.07—1.55 um-thick GaN films on (001) SCD HPHT substrates by
MOCVD [126].

Using a different method, Dussaigne et al. [127] reported the growth of 1 um-thick
GaN epilayers on 100 nm-thick AIN layers previously deposited on (111) HPHT SCD
substrates by ammonia (NHjz)-source MBE. The films displayed a low RMS roughness of
1.3 nm and some cracks due to the difference in the CTEs of diamond and GaN; cracks
were not formed for GaN epilayers with thicknesses lower than 250 nm. In a subsequent
work [128], 200 nm-thick AIN and GaN strain engineered interlayers were deposited on top
of the AIN buffer layer. An 800 nm-thick GaN layer with 8 x 10° cm~? dislocation density
was then grown, followed by 24 nm of AlGaN (with an Al content of 28%). A 2DEG formed
at the interface, allowing the fabrication of HEMT structures with Ip max = 730 mA/mm,
8m peak = 137.5 mS/mm, and f1/fmax = 21/42.5 GHz [129].

Following a different approach, researchers from NTT Corporation reported the for-
mation of a 2DEG in an AlGaN/GaN heterostructure formed on a 600 nm-thick GaN
layer epitaxially grown on a type Ib (111) SCD substrate by metalorganic vapor-phase
epitaxy (MOVPE) [130] with similar dislocation density (8.4 x 10° cm~2 [131]). The
AIN/GaN stress-relief layers were deposited on a 180 nm-thick single crystal AIN buffer
layer deposited on the diamond substrate and the fabricated AlIGaN/GaN HEMTs showed
ID max =220 mA/mm and f1/fmax = 3/7 GHz. The Ry, of GaN-on-diamond HEMTs was
4.1 K-mm/W, against 7.9 K-mm/W for similar GaN-on-SiC structures. By depositing
the GaN layer on type Ila (111) SCD diamond substrates, Ry, was further decreased to
1.5 K-mm/W and RF operation with 2.13 W/mm output power density and 46% PAE was
achieved [131]. The impact of the misorientation angle of the (111) SCD surface on the
surface morphology of the HEMT structures was also studied by the authors [132,133].

Other groups reported growth of GaN on PCD and NCD substrates. The benefits of this
approach would be twofold: large-area PCD substrates are available from a few vendors,
and the price/area is significantly lower than the one of HPHT SCD substrates. However,
only polycrystalline GaN films could be initially deposited. Van Dreumel et al. [134] de-
posited polycrystalline GaN layers by MOCVD on the surface of nanocrystalline diamond
(NCD,) films previously deposited by HFCVD on Si substrates, while Zhang et al. [135]
deposited fine grained polycrystalline GaN films by MOCVD on the nucleation surfaces
of freestanding PCD films prepared by glow discharge. The final goal in this last work
was the fabrication of diamond/GaN surface acoustic wave devices, though, and not the
fabrication of AlGaN/GaN HEMTs.

More recently, Webster et al. [124] reported the ability to grow epitaxially-oriented
GaN films on thick PCD substrates by MOVPE. An AIN layer was previously deposited
at 650 °C as nucleation layer for the subsequent growth of a 1.5 um-thick GaN layer at
higher temperature, on top of which the AlGaN/GaN HEMTs structures were fabricated.
SiN stripes were then deposited on the AlIGaN/GaN stack and the unmasked regions were
etched down to the PCD substrate. After an epitaxial layer overgrowth (ELO) re-growth
cycle the dislocation density of the GaN layer was reduced by two orders of magnitude
(from ~7 x 10~ to <10® cm~2). With this technique the team was able to grow GaN with
a significant degree of epitaxial orientation on an area up to 15 um? on a PCD substrate—
Figure 11. The appearance of some cracks on the GaN surface was attributed to the large
difference between CTEs of diamond and GaN.
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Figure 11. (a) SEM image of masked and ELO growth of GaN. (b) TEM image showing original
and ELO growth of GaN; arrows indicate boundary between original (right of boundary) and
ELO (left of boundary) growth (reprinted from [124]; permission conveyed through CCBY 3.0:
https:/ /creativecommons.org/licenses/by/3.0/ (accessed on 7 October 2021)).

Later the team proposed a different approach [136]; the (111) Si substrate from commer-
cial diamond-on-5Si substrates was etched, exposing the back surface of the PCD substrate
that was shown to feature a thin SixC layer formed during the deposition of the PCD on the
Si substrate. According to the authors, this SixC layer provides sufficient crystallographic
information for the epitaxial growth process to occur. Following the etching of the Si sub-
strate, the PCD films exhibited some curvature, due to the thermal stress caused by the high
diamond deposition temperatures and the difference in the CTEs of both materials. AIN
or Alg75Gag 5N nucleation layers were grown on the SiC layer and GaN was deposited
by MOVPE. Interestingly, the growth on the nucleation surface of the curved diamond
substrate was shown to effectively remove the surface defects induced by the non-single
crystalline nature of the SixC layer and to reduce the tensile stress induced by the CTE
mismatch, allowing the growth of crack-free GaN epitaxial layers up to 1.1 pm thick. As
the thickness of the GaN layers increased, the dislocation density was significantly reduced
(Figure 12). Upon optimization of the whole process, the tensile strain inherent in GaN
epitaxial layers grown on PCD can be further reduced, and thicker crack-free GaN layers
can be deposited. Since the increase of the thickness of the GaN epitaxial layer is usually
accompanied by reductions in the dislocation density, the use of thicker GaN layers is
expected to have a positive impact on the performance of HEMT devices fabricated using
PCD substrates.

In 2020 Ahmed et al. [137] also proposed the use of ELO to integrate GaN and PCD
diamond; the processing steps are represented in Figure 13. Unlike the procedure described
in [124], where the GaN was deposited directly on the PCD by MOVPE, the AlGaN/GaN
stack capped with a thin SiN layer was initially deposited on a Si substrate by MOCVD.
500 nm-thick stripes of PCD were then selectively deposited on the SiN by HFCVD fol-
lowing the procedure described in [138]; the exposed SiN was then removed by reactive
ion etching (RIE) and the GaN surface was made accessible (step 4 in Figure 13a). The
wafer was then returned to the MOCVD reactor for the ELO of GaN (step 5 in Figure 13a).
Figure 13b,c show the SEM images of the final structure before and after the regrowth step,
respectively. A continuous GaN film formed across 5 um-wide diamond stripes separated
by 5 pm-wide GaN windows oriented along the (1100) direction of the initial GaN. The
dislocation density on ELO GaN (~10” cm~2) was a2 orders of magnitude lower than
on initial GaN (%109 cm’z). Although coalescence was achieved, several voids, pinholes,
and cracks were visible in some locations along the coalescence regions; the cracks were
generated due to the release of thermal stress energy upon cooling of the wafer following
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GaN growth. In order to obtain the final GaN/PCD final devices, some steps are further
required: MOCVD growth of the HEMT structure, removal of Si substrate and exposure of
diamond strip.es surface, thick diamond CVD, and transistor fabrication.

Z2ekv Z2ekV X1, 400 10 xm

(b)

Figure 12. SEM images showing improvement in surface morphology of thicker GaN films.
(a) 300 nm- and (b) 1.1 pm-thick GaN films (republished with permission of IOP Publishing, from
“Growth of GaN epitaxial films on polycrystalline diamond by metal-organic vapor phase epitaxy,"
Q. Jiang, D. W. E. Allsopp, and C. R. Bowen, vol. 50, no. 16, 2017 [136]; permission conveyed through
Copyright Clearance Center, Inc.).
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Figure 13. (a) Processing steps of epitaxial growth of GaN on PCD. SEM images of (b) selectively
deposited PCD stripes (after step 4) and (c) same features after ELO of GaN (after step 5) (reprinted
with permission from R. Ahmed et al., “Integration of GaN and Diamond Using Epitaxial Lateral
Overgrowth,” ACS Appl. Mater. Interfaces, vol. 12, no. 35, pp. 39397-39404, 2020 [137]. Copyright
2020 American Chemical Society).
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The experimental results obtained so far are compiled in Table 5. As a summary one
can say that research efforts focused on both SCD and PCD substrates, however functional
HEMTs have only been fabricated on SCD substrates. Despite promising results, the interest
on these substrates faded away and more recent research focused on the ELO of GaN films
on PCD substrates with reduced dislocation density. The electrical parameters of HEMTs
fabricated on GaN films deposited on SCD substrates are summarized in Table A3 in the
Appendix A.

Table 5. GaN epitaxy on diamond substrates.

GaN
Ref. Year Diamond .\l Thickness Disl. Dens.
Deposition Method Type (um) (cm-2)
MOCVD on 10 nm
[125] 2003 Natural SCD AIN layer + HVPE Polycryst. 2.5 -
[126] 2011 (011) SCD MOCVD on AIN layer Polycryst. 0.07-1.55 -
[127] 2009 (111) SCD NH3-MBE on 100 nm AIN layer Epilayer 1 -
[128129] 2010 (111) SCD NFH5-MBE on 200 nm AIN + GaN Epilayer 0.8 8.4 x 10°
strain engineered interlayers
MOVPE on 180 nm single crystal .
[130] 2011 Ib (111) SCD AIN + 400 nm AIN/GaN Epilayer 0.6 -
MOVPE on 180 nm single crystal . 9
[131] 2012 IIa (111) SCD AIN + 500 nm AIN /GaN Epilayer 0.6 8.4 x 10
MOVPE on 180 nm single crystal .
[132,133] 2012 Ib (111) SCD AIN + 500 nm AIN/GaN Epilayer 0.6 -
[134] 2009 NCD MOCVD on 50 nm GaN Polycryst. 3 -
[135] 2010 PCD MOCVD Polycryst. 0.8 -
MOVPE on 70 nm AIN

[124] 2015 PCD layer + deposition of SiN 15 um wide epilayer 15 ~7 x 1079 — <108
stripes/etching + ELO

[136] 2017 PCD thin films ~ Ltching of Si substrate + MOVPE on Epilayer 0.2-1.1 -

1040 nm AIN/ Al 75Gag 25N layers

MOCVD of SiN-capped
[137] 2020  Post-deposited PCD  AlGaN/GaN stack on Si + selective 5 um wide epilayer ~1-5 ~10° — ~107
deposition of PCD stripes + ELO

3.4. Capping Diamond

The capping diamond concept was initially proposed in 1991 [139]. This approach
relies on the deposition of the PCD film directly on the device die, immediately on top of the
passivation layers, bringing the diamond film in close contact with the hot spots—Figure 14.
Initial calculations predicted a 50 °C reduction in the channel temperature of a 2 W/mm
GaAs device caused by “thermally shorting” the source, gate and drain contacts with a
highly thermally conductive diamond film [140].

Despite no experimental works reported the direct growth of PCD films on GaAs FETs,
the concept was picked up by the GaN community and the first successfully diamond-
coated working GaN device was reported 10 years later, in 2001, by researchers from
the Fraunhofer Institute and from DaimlerChrysler high frequency electronics labs [46].
Diamond films with thicknesses between 0.7 and 2 pm were deposited directly on the SiN
passivation layer of GaN FETs using an MPCVD ellipsoid reactor operating at 2.45 GHz at
a temperature lower than 500 °C—Figure 15a. Since the regular ultrasonic seeding with
diamond particles was found to damage the SiN protective layer, an alternate seeding
method based on the sedimentation of fine diamond particles from an agitated emulsion
was used. The output and transfer characteristics of the devices were measured before and
after the deposition of the 0.7 pm-thick PCD film, showing that the coated FETs remained
fully operational—Figure 15b.

208



Materials 2022, 15, 415

Source

GaN buffer

Figure 14. Capping diamond concept.

—e— before
—O— after deposition

Id (mA/mm)

(a)

Figure 15. (a) Reflection electron microscope image (REM) and (b) Transfer characteristics of a
two-finger GaN FET coated with a 0.7 um-thick PCD film (reprinted from Diam. Relat. Mat., vol. 10,
no. 3-7, M. Seelmann-Eggebert, et al., “Heat-spreading diamond films for GaN-based high-power
transistor devices,” pp. 744-749 [46], Copyright 2001, with permission from Elsevier).

Despite these encouraging first results, the next successful reports describing the
deposition of diamond films directly on HEMT devices date from 2010 [141]. In a joint
work by the University of Maryland and the Naval Research Laboratory (USA), the authors
reported the deposition of a 0.5 pm-thick NCD film on a GaN-on-Si HEMT by MPCVD.
A 50 nm-thick silicon dioxide (SiO;) passivation layer was previously deposited on the
surface of the device and the deposition temperature was increased to 750 °C. The NCD-
coated device exhibited 20% lower temperature in comparison with the SiO,-passivated
one, however, after NCD coating, Ip max and gm peak decreased from 176 mA/mm and
145.4 mS/mm to 157 mA /mm and 113.9 mS/mm, respectively. This effect occurred due
to a reduction in pinch-off voltage following the increased drain-gate coupling through
the S5iO; and NCD film. The NCD film was unintentionally contaminated with boron
impurities (1 x 10'° cm~2) and an increase of the leakage current was observed. In order
to protect the thermally sensitive Schottky gate contact, a “gate after diamond” process
was further developed by the team [142]. This approach involved the deposition of a
0.5 pm-thick NCD layer with « in excess of 400 W/(m-K) on a 50 nm-thick SiO; layer after
completion of the mesa and ohmic processes, but before the gate metallization step. An
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oxygen (O;)-based plasma etch was then used to recess etch the diamond in the gate region
before metal deposition. Similarly to what happened in the previous approach, Ip max
decreased from ~360 to ~270 mA /mm after the deposition of the NCD film. The process
was further optimized to allow the deposition of the NCD layer directly on the GaN sur-
face [143,144], which improved the performance of the 2DEG in comparison with a reference
HEMT passivated with SiN (2DEG density /mobility of 1.02 x 10'3 cm~2/1280 cm?/(V-s)
against 8.92 x 102 em=2/1220 cm?2/(V-s), respectively), increased Ip max and gm peak from
380 to 445 mA /mm and from 114 to 127 mS/mm, respectively, and decreased the device
on-resistance from 14.6 to 11.9 OO-mm. At 5 W/mm DC power, the temperature of the
NCD-capped HEMT was ~20% lower than that of the SiN-capped one and the Ry, was
0.98 K-mm/W, ~3.75 times lower. The use of a p-type diamond gate electrode was also
proposed [145]. Again Ip max increased from ~290 mA /mm (with a nickel (Ni)/Au gate)
to ~430 mA /mm (with the NCD gate), the on-resistance decreased from 29.4 to 12.1 (3-mm
and the leakage gate current decreased by nearly one order of magnitude at a gate voltage
of —10 V. In a later process development, the SiO, layer was replaced with a 10 nm-thick
SiN layer [146]. The capping of a SiN-passivated GaN-on-SiC HEMT with 500 nm NCD
lead to an ~8% reduction in the peak temperature, less than the 20% obtained with the
gate-after-diamond approach due to the SiN passivation layer and the resulting increased
TBRGaN/diamond [147].

Following a different approach in 2011 Alomari et al. [148] reported the deposition
of a 0.5 pm-thick NCD film on Ing17AINg g3/GaN HEMTs by bias-enhanced nucleation
(BEN) and HFCVD at temperatures of 750-800 °C—Figure 16a. The HEMT structures
included the dielectric passivation and stress control layers based on S5iO; and Si3sN4 and
a thin sputtered Si layer for BEN step (Figure 16b). The DC characteristics of the devices
remained fundamentally similar after the NCD deposition. fT and fmax were 4.2 and 5 GHz,
respectively, and the RF-tested device showed high gate leakage. In 2014 the NCD layer
thickness had been increased to 2.8 um [149].

Diamond> .?
~250'nm ,. "“ 2 !

Si 60 nm>
Si02 100 nm>

GaN ~ 3000 nm

(b)

Figure 16. (a) SEM top view of a GaN HEMT coated with a 0.5 um-thick NCD layer. (b) TEM
cross section of the NCD film showing no voids at the passivation/growth interface (reprinted from
Diam. Relat. Mater., vol. 20, no. 4, M. Alomari et al., “Diamond overgrown InAIN/GaN HEMT,”
pp. 604-608 [148], Copyright 2011, with permission from Elsevier).

Zhou et al. [150] deposited 155-1000 nm-thick PCD films onto SizN4-passivated
AlGaN/GaN-on-Si HEMT structures and used transient thermoreflectance experimen-
tal results, together with device thermal simulations, to evaluate the impact of the diamond
capping layer thickness on the maximum device temperature. A 12% maximum reduction
in peak channel temperature could be achieved with a 16 x 125 pm/50 pm gate-pitch
AlGaN/GaN-on-5i HEMT with a 1 pm-thick PCD film deposited on the source-drain open-
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ing. If the TBRGaN/diamond Was not included, a further 10% temperature reduction could be
expected. Little further thermal benefit was predicted when using PCD films thicker than
2 um, with only a maximum 15% temperature reduction. If PCD could be grown on both
source-drain opening and metal contacts, a 1.5% better thermal benefit would be achieved
for thicker films by increasing the area of the heat spreader. The quality of the initial few
um of the capping diamond layer was also shown to play an important role in reducing
the channel temperature [151].

In 2019, researchers from the Power and Wide-Band-Gap Electronics Research Labora-
tory and Lake Diamond SA deposited 3 pm-thick PCD heat spreaders on the top of vertical
GaN PiN diodes using a 30 nm-thick SiN adhesion layer [152]. With 0.9 W of dissipated
power, the temperature of the coated device was 64% lower than the temperature of a
reference uncoated device.

The appearance of biaxial strain in the Al(Ga)N layers due to the high diamond
deposition temperatures, the lattice mismatch between the layers, and the different CTEs of
the stack materials was studied in detail by Siddique et al. [91]. In their study, a 46 nm-thick
SiN layer was used to protect the Ill-nitride layers beneath the AlGaN barrier layer during
the diamond CVD. Figure 17 shows scanning transmission electron microscope (STEM)
images of the SiN layer (a) before and (b) after the diamond deposition; even though the SiN
layer was partially degraded during the deposition of the diamond and was thinned down
to 20 nm in some regions, it remained continuous across the entirety of the AlGaN barrier
layer. The deposition of the diamond film was seen to increase the biaxial tensile stress in
the AIN and GaN layers by 3%, which caused a 4.5% reduction of the total 2DEG sheet
charge density (from 1.04 x 10’3 t0 0.99 x 10'® em). A 52.8 m?-K/GW TBRGaN/diamond
was measured (including the SiN, GaN cap, AlGaN, and AIN layers).

Figure 17. Bright-field STEM images showing the Al(Ga)N/SiN layer interfacial region (a) before
and (b) after diamond growth (reprinted with permission from A. Siddique et al., “Structure and
Interface Analysis of Diamond on an AlGaN/GaN HEMT Utilizing an in Situ SiNx Interlayer Grown
by MOCVD,” ACS Appl. Electron. Mater., vol. 1, pp. 1387-1399, 2019 [91]. Copyright 2019 American
Chemical Society).

In order to prevent the modulation of the 2DEG due to the stress induced in the
channel by the capping diamond layer, Arivazhagan et al. [153] proposed depositing the
diamond layer on the drain electrode alone (instead of directly on the device channel). The
impact of this approach was evaluated using thermo-electrical simulations. The results
suggest that the deposition of the PCD film on the drain electrode will lower self-heating
and allow higher Ip max than in conventional GaN-on-Si HEMTs—without inducing any
change in the 2DEG sheet charge density or in the device threshold voltage.
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Despite the technological difficulties inherent to this technological approach, a break-
through has been recently achieved by Fujitsu Limited. In 2021 Yaita et al. reported a
diamond-coated GaN-on-S5iC HEMT with improved DC characteristics [154]. A 2.5 pm-
thick PCD film was deposited by HFCVD on a 100 nm-thick SiN capping layer at 700 °C.
In order to prevent the degradation by the elevated temperatures required to deposit the
diamond film, the Schottky gate contact was replaced by a 40 nm-thick SiN insulating
layer, followed by a Ni/Au gate contact. In addition, metal heat spreaders were attached
to the deposited PCD. The Ip and gm of the diamond-coated HEMT increased from 0.9 to
1.1 A/mm and from 102 to 148 mS/mm, respectively (Figure 18a). At the same time, for
25 W/mm Pp the hotspot temperature lowered by more than 100 °C, which corresponds to
a decrease in Ry, from 12.7 to 7.4 K-mm/W, and to a ~40% reduction in the amount of heat
generated by the diamond-coated GaN HEMT (Figure 18b). Fujitsu aims to commercialize
improved-heat-dissipation GaN HEMT amplifiers in year 2022 for use in weather radar
systems and next-generation wireless communication systems [155].
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Figure 18. (a) Transfer curve and transconductance vs. gate voltage. (b) Hotspot temperature
calculated from the Raman peak shift (reprinted from [154], Copyright 2021 The Japan Society of
Applied Physics.

Experimental results presented so far have been limited to the scope of single or
dual-gate HEMTs. Zhang and co-workers implemented 3D thermal simulations to evaluate
the impact of capping multi-finger HEMTs with PCD layers [156]. They observed that
the capping diamond layer reduced the junction temperature and the temperature non-
uniformity in the nearjunction region across the channel; the efficiency of the capping
diamond layer was also observed to increase with increasing thickness but with a decreasing
trend. The largest thermal benefit could be expected under challenging conditions, such as
high Pp, narrow gate pitch, high TBR, as well as for traditional GaN-on-Si HEMTs. In the
particular case of a 12-finger GaN-on-diamond HEMT operating at of 6 W/mm Pp per gate,
20 um gate pitch, and assuming a similar TBR between both GaN/diamond interfaces of
15 m2-K/GW, the inclusion of a 20 um-thick PCD capping layer would reduce the junction
temperature from 195.8 to 172.2 °C, which corresponds to a net decrease of 23.6 °C. By
reducing the thickness of the PCD layer to 1 um, the reduction of junction temperature
would still be as high as 14.9 °C.

The impact of capping double-channel HEMTs was also evaluated with thermo-
electrical simulations [157]. The authors observed that the PCD layer provides a lateral
heat conduction path close to the hot spot located at near the drain side of the gate edge,
modulating the channel lattice temperature distribution and making it become more uni-
form. For a Pp of 46 W/mm the peak lattice temperature was reduced by 64 °C, indicating
that the PCD layer plays an important role in device heat dissipation. Similar to what was
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observed in [156], the effect of lattice temperature reduction increases with increasing PCD
layer thickness. Taking the effect of temperature reduction and cost into consideration, the
authors proposed the optimum thickness for the PCD layer to be 1 um.

The impact of capping a pulsed-mode AlGaN/GaN HEMT with a PCD layer has been
also evaluated with thermal 3D simulations [158]. The PCD capped layer not only reduced
significantly the peak junction temperature but also suppressed its oscillation in the pulse
mode operation, smoothing the temporal variation of the junction temperature. Again
the cooling performance of the PCD capped layer was observed to increase with rising
thickness but with a decreasing trend. The overall efficiency of this approach was shown
to be more effective under harsh thermal conditions, including smaller duty cycle, higher
TRB, and lower k substrate.

The evolution of the relevant experimental results has been compiled in Table 6. While
experimental results and functional HEMTs were reported between 2001 and 2014, most
recent work focused on evaluating the biaxial strain induced by the diamond deposition
temperatures (typically in excess of 500 °C) and on anticipating the thermal benefit of the
diamond layer using thermal simulations. The electrical parameters of diamond-capped
HEMTS are summarized in Table A4 in the Appendix A.

Table 6. Evolution of capping diamond technology.

Passivation Layer Diamond Film TBR
Ref. Year Thickness Material Thickness/Type  Dep. Temp. CVD Type (m2-K/GW)
(nm) (um) {®)

[46] 2001 - SiN 0.7-2/PCD <500 MPCVD -
[141,142] 2010, 2012 50 Si0, 0.5/NCD 750 MPCVD -

[143] 2013 No interlayer - -/NCD 750 MPCVD -

[146] 2017 10 SiN 0.5/NCD 750 MPCVD -

[148] 2011 - Si0; /SizNy 0.5/NCD 750-800 HFCVD -

[149] 2014 - SisN, 2.8/NCD 750-800 HFCVD -

[150] 2017 50 SizNy 0.155-1/PCD 650 MPCVD 45+13/-11—91+13/-9 2

[91] 2019 46 SiN 1.46/PCD 720-750 HECVD 528 +5.1/-3.22

[152] 2019 30 SiN 3/PCD 820 MPCVD -

[154] 2021 100 SiN 2.5/PCD 700 HECVD -

2 Values obtained with transient thermoreflectance.

4. GaN/Diamond HEMTs: Where to Go?

Each of the previously described approaches has some advantages over the others and,
simultaneously, shows room for improvement if particular technological developments can
be achieved. This is will be the topic of the current section.

4.1. Challenges of Fabricating GaN-on-Diamond Wafers

The deposition of diamond films on the back of GaN wafers has been routinely per-
formed by Element Six for more than 10 years. The fabrication of GaN-on-diamond wafers
involves the deposition of 100 um-thick diamond films at temperatures higher than 700 °C.
The large deposition temperatures induce a large residual stress at the GaN/diamond
interface that may cause the bowing of the wafer and the cracking of the GaN layers. In
addition, the TBRgaN/diamond and the low quality of the initial layers of the deposited
diamond films are currently the bottleneck of the heat extraction. Each of these issues will
be discussed in detail in the following paragraphs.

4.1.1. Decreasing Thermal Stress

One of the biggest issues of this approach is related with the high diamond deposition
temperature (>700 °C) which induces a large residual stress at the GaN/diamond interface
because of the mismatch between the CTEs of both materials [159,160]. The residual stress
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Membrane Method

depends on the GaN thickness, on the diamond growth temperature, and on the sacrificial
carrier wafer [91,92]. Residual stresses larger than 1 GPa at the free surface of the GaN have
been reported [93]; these elevated stress conditions induce layer cracking and wafer bow,
and impact the electrical performance of the devices [161-164]. A large thermal stress at
the GaN-diamond interface causes a significant reliability concern when considering the
function and lifetime of GaN-on-diamond devices.

To avoid the issues related with the residual stress, a slightly modified approach
has been recently proposed [94]. The GaN was initially grown on an AIN nucleation
layer deposited on a Si substrate. The Si substrate was selectively etched, leaving behind
0.5 mm-diameter GaN membranes with the AIN nucleation layer exposed onto which
50 um-thick diamond films were further grown. The high quality diamond/AIN interface
showed no visible voids or cracks, confirming the strong bond between both materials. This
approach presents no technological barrier to the incorporation of an AIN “initiation” layer
into the GaN buffer close to the device channel; however, due to the low thickness of the
GaN membranes and the simultaneously high temperatures required for diamond growth,
the bowing of the membranes during the diamond deposition step cannot be neglected.
This phenomenon was recently analyzed in detail in [95] using commercial GaN-on-5i
walfers as the starting material. The processing steps are described in Figure 19a. The GaN
membrane diameter was shown to impact the maximum displacement from the original
plane (bowing) before and after diamond deposition, as well as the membrane stress. The
5 mm-diameter membranes allowed a larger displacement with a subsequent lower stress
value, however the larger bowing “pushed” the GaN surface further into the plasma during
diamond deposition, exposing it to high temperatures and resulting in thermal runaway
and damage to the GaN/III-N film—Figure 19b. In addition, the large membrane bows
present a big challenge for device manufacturing using contact lithography. A possible
way to prevent the bowing would be the use of pre-stressed GaN-on-5i wafers as the
starting material.

Diamond
Si Si | | si Si | | si
AIN/AlGaN AIN AlGaN AIN AlGaN
GaN GaN GaN
(a) (b)

Figure 19. (a) Fabrication steps of a GaN-on-diamond membrane. (b) Image of the 5 mm-diameter
membrane inside the MPCVD system and corresponding thermally-induced mechanical displace-
ment (reprinted from [95]; permission conveyed through CCBY 4.0: https:/ /creativecommons.org/
licenses/by/4.0/ (accessed on 7 October 2021)).

Following a radically different approach, represented in Figure 20, Jia et al. [96]
reported a low stress GaN-on-diamond wafer fabricated by dual sided deposition of
diamond. In this process, the temporary carrier represented in Figure 2 was a 2 um-thick
Si layer followed by 100 um of low-quality PCD deposited by CVD. A thin SiN layer was
deposited on the surface after the substrate removal, followed by high-quality PCD. The
final free-standing GaN-on-diamond wafer was obtained by removing the low-quality PCD
and Si layers. The surface and quality of the GalN layer after the etching of the low quality
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Si layer

PCD and Si layers remained the same while the stress was reduced to 0.5 GPa. However, it
should be mentioned that the AIN buffer layer was not removed and this may have helped
to reduce the internal stress caused by diamond growth.

Diamond CVD Diamond CVD

v Dielectric layer

1
GaN GaN GaN GaN GaN GaN
Diamond Diamond Diamond Diamond

Figure 20. Fabrication of GaN-on-diamond wafers by dual-sided diamond deposition.

4.1.2. Optimizing the Thermal Barrier Resistance at the Diamond/GaN Interface

The minimization of the TBRgaN/diamond Will have a positive impact on the thermal
performance and reliability of GaN-on-diamond HEMTs. In theory this can be achieved by
reducing the thickness of dielectric layer, thereby reducing its bulk Ry,, or by improving the
interface between GaN/dielectric and dielectric/diamond to reduce the interface effects. As
an example, for a particular GaN-on-diamond HEMT, the reduction in the TBRGaN/diamond
related with the SiN layer from 13 to 3 m?-K/GW would reduce the total Ry, of the device
from 2.8 to 1.9 K-mm/W, which corresponds to a 35% decrease in the peak operating
temperature rise at a given power level [73]. However, one should also keep in mind that,
despite smoother GaN/SiN/diamond interfaces lead to lower TBRG,aN/diamond- they also
show reduced interfacial fracture toughness, in comparison with rougher interfaces [99],
which could negatively impact the devices reliability.

The standard fabrication of GaN-on-diamond wafers requires a 30 nm-thick SiN layer
to protect the surface of the GaN from the diamond deposition conditions. Despite its low
thickness, this layer may contribute with a TBR of ~30 m?-K/GW, adding more than 20%
to the total device Ry, [74]. Some groups decreased the thickness of the SiN layer to 5 nm
and obtained TBR values of 9.5 and 6.5 m?-K/GW [10,82] (close to the theoretical minimum
of 5.5 m?-K/GW calculated by the diffuse mismatch model [82]).

An apparently simple way of decreasing TBRGaN /diamond WOUld be to remove the SiN
layer. However, depositing diamond directly onto GaN is not a straightforward task. At
typical diamond CVD temperatures (700 °C and above), the atomic hydrogen (H) can etch
the surface of the GaN substrate (forming NH3 and liquid gallium (Ga)). This etching can
be prevented if the density of diamond seeds on the GaN surface is so high that the lateral
diamond growth rate exceeds the GaN etching rate. In this case, a protective diamond layer
grows to cover the GaN surface before significant etching can occur. However, even under
these conditions the interface between GaN and diamond is rather weak because Ga does
not form a carbide. This means the diamond adheres to the GaN surface mainly via weak
VdW interactions, rather than by strong covalent bonds. This becomes a serious problem
when the coated samples are cooled down to RT due to the difference in the CTEs of both
materials, which causes compressive stress to accumulate in the diamond layer and can
lead to delamination of the entire diamond layer [75].

Despite these difficulties, different groups have reported direct growth of diamond
films on GaN [10,82], however the experimental values of TBRG,N/diamond are higher than
the ones obtained with SiN (41/30 against 9.5/5.5 m2-K/GW, respectively [10,82]) and
significantly larger than the minimum theoretical value for the GaN/diamond interface
(3 m?-K/GW [82]). During the diamond deposition extensive deterioration of the GaN
surface occurs, which results in the appearance of voids measuring up to 50 nm. This results
in an extremely rough surface that increases the scattering of the phonons. Smith et al. [76]
and Waller et al. [74] reported TBRGaN/diamond @s high as 220 m?2-K/GW. In both works the
GaN surface was seeded using a two-step electrostatic spray technique (see more details in
Section 4.1.3.1).
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A different possibility is to replace the SiN layer with a layer of material with higher «,
such as AIN [10,82] (30 [46] against 285 W /(m-K) [165], respectively, in crystalline forms).
However, AIN thin films decompose in hydrogen (H;) and H, /CHy plasmas at low pres-
sures (25-5 Torr) and high temperatures (650-1070 °C) [166], and direct growth of diamond
has proven to be very difficult. A possible solution would be the pre-treatment of the
AIN surface, prior to exposure to CVD diamond growth conditions. Previous exposure
of the AIN substrates to carbon tetrafluoride (CFy) plasma allowed increasing the seeding
density by nearly 3 orders of magnitude in comparison with untreated substrates [167].
Mandal et al. [84] reported that exposure of the AIN surface to H, /nitrogen (N) plasma
was necessary for the deposition of thick (>100 um) and adherent diamond layers. However,
the real usefulness of replacing SiN with AIN is doubtful, since AIN and SiN thin films
are amorphous and feature similar k values (=1-5 nm) [82]. In fact, two different groups
reported higher values of TBRgaN/diamond Obtained with 5 nm-thick AIN layers than with
similar SiN layers (18.2/9.5 against 15.9/6.5 m?-K/GW, respectively [10,82]). In both works
this difference was attributed to discontinuities in the AIN layer itself which resulted in the
etching of the GaN surface (Figure 21); however it is not clear if the as-deposited AIN layer
was discontinuous or if it was etched during the deposition of diamond. Jia et. al [83] ob-
served the same tendency with thicker dielectric layers: the TBR obtained with 100 nm-thick
AIN layers and SiN layers was 56.4 and 38.5 m?-K/GW, respectively.

Diamond
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Figure 21. TEM cross-sections of GaN/diamond interfaces with a 5 nm-thick barrier layer of (a) SiN
and (b) AIN. Uniform and smooth GaN/dielectric and dielectric/diamond interfaces are obtained
with the SiN layer. With AIN, some regions (A) show smooth interfaces, however in other regions
(B) ~60 nm of GaN has been etched away (reprinted with permission from Y. Zhou et al., “Barrier
layer optimization for enhanced GaN-on-diamond device cooling,” ACS Appl. Mater. Interfaces,
vol. 9, no. 39, pp. 34416-34422, 2017 [82]. Copyright 2017 American Chemical Society).

Seeding the pre-treated AIN surfaces with H-terminated detonation nanodiamond
(DND) seeds resulted in an average TBR of 16 m?-K/GW. A breakthrough was recently
reported by Smith and co-workers [76], who used a two-step electrostatic spray technique to
seed 130 nm-thick AIN films deposited on Si substrates. Using this method the experimental
TBR was as low as 1.47 m2-K/GW, close to 0.8 m2-K/GW, the theoretical minimum TBR
achievable at the AIN—diamond interface from a diffuse mismatch model, relying only
upon the density of states in these two materials [84] (see more details in Section 4.1.3.1).

It should be mentioned that in the experiments by Mandal et al. [84] and Smith et al. [76]
the TBR values refer to the interface between the diamond and the AIN substrate: as a
consequence, no direct comparison can be made with the TBRg,N/diamond Previously re-
ported by other groups (which includes the interfaces GaN/dielectric layer and dielectric
layer/diamond, as well as the Ry, of the dielectric layer itself). Nevertheless, the replace-
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ment of the low k amorphous SiN layer with crystalline AIN is a promising approach.
Ideally, the AIN layer should be integrated just below the GaN channel. This layer would
act as an etch stop during the device epitaxy, as well as a seed layer for the diamond
growth [168]. This is the approach proposed by Field and co-workers [106]; since integrat-
ing a thin AIN or high Al content AlGaN layers at this point in the epitaxy is challenging
because of alloying with surrounding layers, they used a relatively low Al content crys-
talline Al 3,Gag N layer as the etch stop and interlayer and grew diamond following the
same procedure as in [84]. Due to the sample layout, a 10 nm-thick SiC layer was formed
between the Alj3,Gag ¢sN/diamond interface, which improved the heat transport across
the two materials. A TBR of 30 m?-K/GW was measured, a value still much higher than
the theoretical minimum of 4 m?-K/GW obtained for this interface [106].

4.1.3. Optimizing Diamond CVD for Thermal Management Applications

The initial layers of a diamond film typically feature small grains and feature a corre-
spondingly low k. This effect, combined with the TBR at the diamond /dielectric interface,
may contribute to an additional TBR of 10 m?-K/GW [79]. The importance of the quality
of the diamond nucleation layer was highlighted in a recent work by Song et al. [169],
who showed that the Ry, of a 12 finger/30 um gate pitch GaN-on-diamond HEMT dis-
sipating 5 W/mm would lower from 13.0 to ~11.0 K-mm/W in the absence of phonon
scattering by external defects in the GaN layer and interface (a value ~49% lower than
that of a state-of-the-art similar GaN-on-SiC structure). If the k of the diamond nucle-
ation layer were the same as its bulk conductivity, the Ry, of this devices would further
decrease to ~10.0 K-mm/W (x54% lower than the Ry, of a similar GaN-on-SiC HEMT).
Following the same trend, in the case of a HEMT with one finger gate, if the TBR at
the GaN/diamond interface decreased from 13 to 3 m?-K/GW, the device Ry, would go
from 2.8 to 1.9 K-mm /W, which corresponds to a ~30% reduction in the peak operating
temperature at a given power level [73].

The morphology and properties of the diamond nucleation layer are intrinsically
related with the process of depositing diamond films on non-diamond substrates. The
deposition of diamond on a foreign substrate requires a seeding step, during which the
substrate surface is enriched with diamond nanoparticles (DNP). Different techniques
can be used for this purpose, such as ultrasonic agitation in a suspension containing
DNP or spin-coating of a solution saturated with the same. Once exposed to diamond
growth conditions, the diamond seeds grow three-dimensionally and eventually coalesce,
forming a closed diamond film. At this stage the individual crystallites start growing
perpendicularly to the surface, following the Van der Drift model [170], until growth
terminates. The incubation time for the onset of the formation of diamond crystallites can
be 15-45 min, depending on the growth parameters.

The growth of the diamond crystals from individual diamond seeds translates in the
existence of a so-called diamond nucleation region which contains a high concentration
of defects and grain boundaries that increase the phonon scattering and consequently
decrease the thermal conductance. The thickness of this nucleation layer ranges typically
between 10 and 50 nm, depending on the seeding method and deposition conditions, and
its k can be as low as 3 W/(m-K) [78]. The appearance of voids at the diamond/substrate
interface at the locations where the enlarged diamond seeds touch one another is also
common. This effect is represented schematically in Figure 22a [84]. Figure 22b shows a
high-angle annular dark-field STEM (HAAD-STEM) image of the interface where such
voids can be easily identified.

The size of the diamond grains is typically a few nm close to the substrate and
increases with the thickness of the film. The evolution of the grain size has been studied
computationally [171,172] and experimentally [173]; it has been shown that, depending
on the growth conditions, the lateral size of the grains and their aspect ratio are strongly
changing with the film thickness. As a consequence, the grain boundary density varies
with the depth of the PCD layer, translating into an inhomogeneous Kin_plane- On the other

217



Materials 2022, 15, 415

nucleation growth

hand, in columnar PCD films Koyt-of-plane 18 typically higher than Ky plane [174]. However,
this condition does not necessarily hold true in the nucleation region, where Kinplane can be
higher than Koyt-of-plane and vice-versa for a given PCD film thickness [175]. The grain size
dependence of k, which is especially pronounced near the nucleation region, is therefore a
critical parameter for maximizing the heat-spreading capabilities of PCD films on hybrid
diamond/GaN devices. The dependence of the in-plane and out-of-plane k with the PCD
film thickness is shown in Figure 23.
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Figure 22. (a) Schematic of diamond film growth with low nucleation density; (b) HAAD-STEM
image of the interface where the voids are clearly seen (reprinted from [84]; permission conveyed
through CCBY 4.0: https:/ /creativecommons.org/licenses /by /4.0/ (accessed on 7 October 2021)).
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Figure 23. Evolution of in-plane and out-of-plane k with diamond film thickness (© 2016 IEEE.
Reprinted, with permission, from J. Anaya, et al., “Thermal management of GaN-on-diamond high
electron mobility transistors: Effect of the nanostructure in the diamond near nucleation region,”
in 15th IEEE Intersociety Conference on Thermal and Thermomechanical Phenomena in Electronic

Systems (ITherm), 2016, pp. 1558 1-8 [175]).

4.1.3.1. Impact of the Seeding Procedure

It is obvious that the deposition conditions (CH4/Hj ratio, substrate temperature, and
pressure) impact directly the growth rate as well as the macro-level characteristics/quality
of the diamond deposits. Similarly, the seeding step has a considerable impact on the quality
of the diamond film in the nucleation region, close to the interface with the substrate.
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Increasing the seeding density has been the motto of researchers during the past years.
Given their small size, which allows for homogeneous and high density seeding, DND
seeds are the most frequently used diamond particles. The seeding methods that lead to
the highest seeding densities include the ultrasonic agitation in a suspension containing
DND seeds and the enhancement of the electrostatic attraction between the DND seeds
and the substrate.

1. Ultrasonic agitation in a suspension containing DND seeds. Ultrasonic seeding has
been widely used since the early 1990s [176]. Seeding can be performed with different
sized diamond grit, as well as with a mixture of diamond grit and metal particles. As
an example, the adhesion of 0.25 pm tungsten (W) and Ti particles to a nanodiamond
suspension was reported to increase the seeding density and the adhesion of diamond
films deposited on Si and SizNy substrates [177]. A significant improvement was
achieved with DND particles colloidal solutions, which enabled seeding densities in
excess of 1012 cm~2 [178].

2. Enhancement of electrostatic attraction between DND seeds and substrate. By prop-
erly tuning the (-potentials of seeds and/or substrates, one can benefit from enhanced
electrostatic attraction between the DND seeds and the substrate. This can be achieved
by terminating the DND seeds with oxygen (O) or H atoms [179] or by preparing
polymer/nanodiamond colloids [180,181]. This effect can be further enhanced by ex-
posing the substrate to a plasma treatment in order to guarantee that the (-potentials
of diamond seeds and substrate have opposite signs [84].

Despite leading to the highest reported seeding densities, DND particles may not be
the best choice for thermal management applications, which rely on the minimization of
the TBR between diamond and substrate. DND particles possess an amorphous shell [182],
which may contribute to the increase of sp? bonds close to the interface, which in turn will
enhance phonon scattering, thus compromising the thermal transport across the interface.
In addition, while it is true that a high seeding density guarantees a lower coalescence
time, it is not absolutely clear that this is an advantage for thermal applications. A very
high density of seeds means that they are not allowed to grow significantly before they
coalesce with each other; as a consequence the amount of defects and grain boundaries
further increases—and so does the scattering of the phonons.

If seeding is performed with larger sized particles, the grain/grain boundaries ratio
might be maximized. Following this reasoning, in 2017 Liu and co-workers evaluated
the effect of seeding GaN substrates with a 30 nm-thick SiN protective layer with 30 and
100 nm diamond seeds [81]. Unlike what happened with the smaller 30 nm particles,
seeding with 100 nm particles damaged the SiN layer, which resulted in the etching of
the GaN surface and appearance of pin holes during diamond growth. More recently,
Bai et al. [183] evaluated the impact of seeding with 4 and 20 nm seeds on the k of diamond
films deposited in Si substrates. Seeding with the larger 20 nm seeds resulted in a smaller
seeding density (7 x 10° cm~? in contrast with 3 x 10'! cm~2 with the 4 nm seeds) but
resulted in larger-sized grains near the interface region, and in a correspondingly higher
in-plane k as measured by Raman thermography.

In order to overcome the limitations of the standard seeding procedures, Smith et al. [76]
proposed a two-step electrostatic spray technique to seed 130 nm-thick AIN films deposited
on Si substrates. Using this method, the surface of the AIN was initially seeded with 2 pm
diamond particles with smooth facets, which guaranteed a large contact area with the AIN
surface and favored the thermal transport across the AIN/diamond interface. Following
this step, the substrate was electrostatically sprayed again with 3.3 nm DNP, which filled
in the gaps between the larger seeds and prevent the formation of voids. The schematic
diagram explaining the rationale for the two-step seeding is shown in Figure 24. The
advantages of this method are twofold: the microparticles of diamond guarantee a lower
grain boundary ratio (when compared to conventional seeding with DND particles) and the
DNP fill the voids between the larger particles, protecting the AIN surface from the plasma.
This layer of electrosprayed seeds replaces the highly defective diamond nucleation layer
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characteristic of heteroepitaxial diamond films. Using this method, an extremely low TBR
of 1.47 m?-K/GW (close to the theoretical minimum of 0.8 m?-K/GW [84]) was obtained at
a diamond/AIN interface.
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Figure 24. Rationale behind the two-step seeding: seeding with (a) ND particles alone, (b) diamond

microparticles alone, and (c) diamond microparticles followed by ND (reprinted from Carbon, vol 167,
E.J. W. Smith et al., “Mixed-size diamond seeding for low-thermal-barrier growth of CVD diamond
onto GaN and AIN”, pp. 620-626 [76], Copyright 2020, with permission from Elsevier).

4.1.4. Optimizing the Thickness of the GaN Epilayers

The determination of the GaN buffer layer thickness typically takes into account the
electrical performance of the device and material quality requirements, instead of thermal
requirements [184]. In latest generation GaN-on-diamond devices the low thermally
conductive nucleation and strain relief layers are removed before the deposition of the
diamond film, and as a consequence the thickness of the GaN buffer layer has a non-
negligible impact on the total Ry, of the device. In fact, in a joint work between the
University of Bristol and Element Six [88], the thickness of the GaN buffer layer was
reduced from 700 to 354 nm and the thickness of the dielectric layer to 17 nm, leading to a
device Ry, of 9 K-mm /W, a value significantly lower than the Ry, of GaN-on-SiC devices
(16 K-mm/W). Besides lowering the maximum temperature, the thinning of the GaN layer
decreased self-heating, resulting in a smaller change in output conductance and providing
a means to reduce the thermally-generated device non-linearities.

Taking into account these results, it might initially be assumed that the GaN layer
should be as thin as possible. If it is too thick, the Ry, associated with the GaN layer
and consequently the Ry, of the device increase. However, if the GaN layer is too thin
(especially when the heat source length is comparable to the device length and for small
TBRGaN/diamond Values), the concentrated heat flux coming out from the heat source reaches
the GaN/diamond interface without spreading, causing the region right under the heat
source to heat up significantly and leading to an increased Ry, [85]. As an example, the peak
channel temperature of a 4 x 125 pm/40 um gate pitch GaN-on-diamond HEMT dissipating
10 W/mm is shown in Figure 25 for different values of TBRgaN/diamond and GaN layer
thicknesses (from [185]). It can be seen that thinner GaN layers may lead to lower or higher
peak channel temperatures, depending on the particular value of the TBRGaN/diamond-

Simulations have systematically shown that the device Ry, monotonically decreases
with increasing GaN layer thickness until it reaches a minimum. The higher the « of the
diamond, the lower the TBRGaN /diamond [86,87,89], and the smaller the hotspot area [85],
the more important this dependence becomes.

In 2020, Song and co-workers [90] have shown that, while the device Ry, is fairly low at
a typical GaN thickness of 1 pum (~12.9 and ~16.4 K-mm/W for TBRGaN /diamond Of 6.5 and
30 m2-K/GW, respectively), a reduction in the GaN thickness below 1 pm may result in a
substantial increase in the device Ry,, in particular when TBRG,N/diamond 1S high (=31%
and ~118% increase for TBRGaN /diamond ©f 6.5 and 30 m?2-K/GW, respectively, and 0.1 um
GaN thickness). For the same TBRG,N /diamond Values, the GaN thickness that minimizes
the Ry, of the device is ~3.6 and ~5.8 pm, respectively, and the minimum Ry, is 5% and
~19% the Ry, with 1 um of GaN.

220



Materials 2022, 15, 415

100 |~ GaN thickness o ®
L [microns]: -
90 |- 3
- -2

o o of

%)

o

o

2

o

2

o

5 80

©

2

g 70 =54

IS e

b o »

© . ®

3 60 g

X s @

8 .

S 50}

1111111

0 1 2 3 4

TBR,, x10° (Wm?K)

Figure 25. Peak channel temperature of a 4 x 125 um/40 pum gate pitch GaN-on-diamond HEMT
dissipating 10 W/mm for different TBRGaN/diamond Values and GaN layer thicknesses (Copyright ©
2014 IEICE. Reprinted, with permission, from M. Kuball, J. A. Calvo, R. B. Simon, and ]J. W. Pomeroy,
“Novel thermal management and its analysis in GaN electronics,” Asia-Pacific Microw. Conf.,
pp- 920-922, 2014 [185]).

From what was presented above, it can easily be concluded that in order to take the
most benefit of the diamond substrate, the impact of the GaN buffer layer thickness on the
overall Ry, of the device should also be taken into account in the design phase, in addition
to the traditionally considered electrical performance and material quality requirements.

4.2. Challenges of Bonding GaN and Diamond Wafers

SAB and VAW bonding are the most promising methods for bonding diamond GaN
and diamond substrates. Both methods have a few advantages in comparison to the
fabrication of GaN-on-diamond wafers by direct diamond CVD. To begin with, the GaN
wafers without the nucleation and strain relief layers can be bonded to SCD plates that
feature an extremely high k, whereas the k of the films close to the GaN on the GaN-
on-diamond wafers is quite low. In addition, only an extremely thin Si layer (or no
layer, in the case of VAW bonding) is required to bond the two materials, which allows
the TBRGaN/diamond to be significantly reduced. Finally, the bonding is performed at a
temperature significantly lower than the 700-800 °C required to deposit good quality PCD
(RT in the case of SAB, 300 °C in the case of VAW bonding), which means there is no
residual stress (or that it is minimal) at the diamond /GaN interface.

But the bonding of the wafers also presents some drawbacks. The area of available
SCD substrates is quite small (only a few mm?), which seriously compromises the scalability
of the process. Bonding GalN wafers with large area PCD substrates could in principle
overcome this limitation; however, bonding with PCD substrates is not reproducible in
the case of VAW bonding. In a recent work, the SAB of GaN and PCD with a Mo/Au
interlayer has been reported and the mechanical strength of the interface was evaluated,
but the thermal characterization is still lacking.

Despite these limitations, the potential of the technique has been recognized by Fujitsu
and Mitsubishi, and it is expected that commercial devices will be available in a near future.
The SAB of GaN HEMTs and large area PCD substrates is also regarded as an area worth of
investigation, since the successful bonding of GaN and PCD would allow the fabrication of
large area GaN/diamond wafers with improved heat extraction.
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4.3. Challenges of Epitaxially Growing GaN on Diamond

The GaN epitaxy allows the deposition of the GaN layers directly onto high thermally
conductive diamond substrates without the need of any dielectric layer. However, the
required AIN nucleation and stress-relief AlGaN/GaN stacked layers with lower k will
themselves hamper the flow of the heat from the top HEMT structures to the back of the
diamond substrates. In addition, if the epitaxy is performed on SCD substrates, the area will
be limited to a few mm?. This means that the true benefit of GaN epitaxy is doubtful when
compared with the direct bonding of the HEMT structures and the diamond substrates.

A breakthrough has been achieved with the ELO of the GaN layers on PCD substrates,
thus overcoming the small area availability of the SCD substrates. Nevertheless, if the
GaN is deposited directly on the PCD substrate, as proposed by Webster et al. [124], the
low thermally conductive stress-relief layers will once again compromise the flow of heat.
In the approach followed by Ahmed et al. [137], on the other side, the GaN is initially
deposited on a Si substrate and selectively deposited PCD stripes replace the SiN stripes
used in [124] for the ELO step. The final integration of the ELO grown GaN epilayers
with the thick diamond heat spreaders will require a few more steps: (i) the MOCVD of
the HEMT structures, (ii) the removal of the Si substrate and AlIGaN/GaN stress-relief
layers, and (iii) the direct CVD of the diamond film. While (ii) allows placing the diamond
directly in contact with the GaN epilayers, (iii) will require the deposition of a dielectric
layer on the exposed GaN, as in the case of direct diamond CVD. The structure of the final
GaN-on-diamond wafers fabricated using this method will be similar to the structure of
GaN-on-diamond wafers described in Section 3.1, but with a difference, since the diamond
stripes embedded in the ELO GaN can be overgrown by the thick diamond without the
need of a protective dielectric layer. Despite this improvement, the evaluation of the
potential of this approach needs to take into consideration that the fabrication procedure is
significantly more complex than that of standard GaN-on-diamond wafers.

4.4. Challenges of Capping GaN HEMTs with Diamond

The capping of the HEMT devices with a diamond film is the technically simplest
approach. In theory, the GaN HEMTs can be capped with the diamond film after the
passivation steps without any changes in the fabrication procedure. However, due to the
nature of the diamond CVD process, the diamond-capped HEMTs face some of the same
issues as the GaN-on-diamond wafers.

On one side, the passivation layer, though preventing the degradation of Ill-nitride lay-
ers in the harsh CVD environment, contributes with a non-negligible TBR which hampers
the flow of heat towards the diamond heat spreader. On the other side, the quality—and
hence the k—of the diamond film close to the interface also play a critical role. In this sense,
the discussion presented in Sections 4.1.2 and 4.1.3 holds valid for the capping diamond
approach. In addition, the top AlGaN barrier layer features a low k (Table 2) and introduces
a non-negligible Ry, between the hot spot and the capping diamond layer.

Finally, thermal stresses will inevitably accumulate at the GaN/diamond interface
due to the CTEs mismatch. Any change in the stress—strain state in AlGaN/GaN het-
erostructures, especially in the fully strained pseudomorphically grown AlGaN barrier
layer, would have a significant impact on the 2DEG characteristics. Therefore, the proper
understanding of the impact the stress-strain state induced by the diamond CVD on the
2DEG characteristics will require a thorough evaluation of the barrier layer stress.

Nevertheless, these limitations did not prevent Fujitsu from developing diamond
capped GaN HEMTs with improved heat dissipating capabilities, meaning that capping
HEMTs with diamond may provide a valuable way of improving the thermal management
of these devices.

4.5. What Is the Best Approach?

From what was described in the previous sections, it can be concluded that there is no
universally best approach, and each one has its own pros and cons.
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GaN-on-diamond is undoubtedly the more mature technology. Large-area deposition
capability is a significant advantage and, despite being relatively complex, the fabrication
process has been optimized and the main issues have, at least partially, been solved. Other
companies, in addition to Element Six, have been involved in the process. In 2019 RFHIC
reported a manufacturing procedure that allows the fabrication of 4” GaN-on-diamond
HEMTs using a laser drilling process [102]. GaN-on-diamond HEMTs and RF power
amplifiers can be currently purchased from Qorvo and Akash Systems, Inc. However, and
despite the maturity and success of this technology, some room for improvement still exists
(namely the decrease of the gate leakage current), and exciting improvements are expected
in the coming years.

The bonding of GaN and diamond SCD substrates is also reaching a high level of
maturity, and companies such as Mitsubishi Electric Corp. and Fujitsu Limited have re-
ported the successful transfer of GaN and GaN-on-SiC HEMTS to diamond substrates.
This anticipates a bright future for bonded GalN/diamond devices. On one side, these
devices show a potential for decreasing the TBRGaN/diamond Pelow the minimum achiev-
able with GaN-on-diamond technology, since the 30 nm-thick SiN dielectric layer can be
replaced by a 2-10 nm-thick Si-based layer. However, since the reported GaN HEMTs
have been bonded to SCD substrates, this technique will have a significantly lower yield
than the GaN-on-diamond approach and the full scaling up of the technology will be
more challenging. If, however, future research deems the bonding of GaN HEMTs and
large area PCD substrates feasible and reproducible this technique may compete with the
GaN-on-diamond technology.

The epitaxy of GaN on diamond substrates, though feasible, may not bring any realistic
advantage. On one side, the best quality GaN films have been grown on low-area SCD
substrates. The ELO of GaN has made growth of GaN films with low dislocation density
possible on PCD substrates, however functional HEMTs are yet to be demonstrated. On
the other side, in the majority of approaches reported so far the nucleation and strain relief
layers are part of the final HEMT material stack, and they will hinder the transport of heat
to the diamond substrate.

Despite the low « of the AlGaN barrier layer the capping of passivated HEMTs with a
thin diamond film is expected to decrease the peak temperature of the devices between
8% and 20% in comparison with GaN-on-5iC and GaN-on-Si HEMTS, respectively. Despite
being a relatively modest number—if compared with the improvement obtained with
latest generation GaN-on-diamond devices—this approach is technologically simple, since
the diamond can be deposited directly on the passivation layer, and allows for large area
growth. A bright future is anticipated also for this approach, as proven by the work recently
reported by Fujitsu researchers.

The comparative advantages and disadvantages of each approach are further summa-
rized in Table 7.
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Table 7. Current advantages and disadvantages of each approach.

Bonded Wafers GaN Epitaxy

SCD PCD SCD PCD
Yes R Yes Yes

High High High ELO GaN-after-PCD: high _

PCD-after-ELO GaN: evaluation required

GaN-on-Diamond Capping Diamond

Large area Yes

Kdiamond at interface

TBRGaN/diamond Small _ Evaluation required ELO GaN-after-PCD: evaluation required
SAB: evaluation required PCD-after-ELO GaN: evaluation required
Removal of AlGaN/GaN Possible Possible Possible Not relevant
stress-relief layers PCD-after-ELO GalN: possible
AlGaN top barrier layer Not relevant Not relevant Not relevant Not relevant Not relevant

Induced thermal stress _ Not relevant Not relevant Not relevant ELO GaN-after-PCD: not relevant _
PCD-after-ELO GaN: evaluation required _
Manufacturing Fair Fair Fair Simple ELO GaN-after-PCD: fair Simple
complexit | PCDaferFLO GaN:complex
Advantage
Limitation

- Severe limitation
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5. Conclusions

The integration of diamond and GaN devices has been an active research topic for
20 years. The involvement of companies like Fujitsu and Mitsubishi, for instance, is
representative of the impact that hybrid GaN/diamond electronic devices can have on
some applications.

The integration of diamond and GaN has been achieved by different methods: the
direct CVD of the diamond films on the back of GaN wafers, the bonding of HEMTs and
diamond substrates, the direct epitaxy of the GaN layers on diamond substrates, and
the diamond capping of passivated HEMTs. The technological advances, the room for
improvement, and the advantages/disadvantages of each method have been presented
and discussed.

Generally speaking, the fabrication of diamond-on-GaN wafers by direct diamond
CVD on the back of the GaN wafers has been quite successful and commercial RF power
amplifiers fabricated on GaN-on-diamond wafers are currently available for satellite com-
munications. The bonding of GaN HEMTs and SCD substrates and the capping of GaN
HEMTs have also been raising interest from companies such as Mitsubishi Electric Corp.
and Fujitsu Limited. Recent advances in the epitaxial growth of GaN layers on PCD sub-
strates anticipate interesting technological developments in a near future. Far from having
reached the limits of the technology, it can be thus said that the integration of diamond
and GaN will remain an active research topic in the years to come, involving academic and
industrial players, with the ultimate goal of increasing the power density and reliability of
GaN HEMTs.
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Appendix A. Performance of Diamond/GaN HEMT Transistors

Table Al. Relevant electrical parameters of HEMTs fabricated on GaN-on-diamond wafers.

DC Measurements

Small-Signal

Large Signal

. . Rin
Ref. Year HEMT Dimensions 2 ID max Sm peak Pp, pe Vb fr fmax Conditions PAE Pp (K-mm/W)
(mA/mm)  (mS/mm) (W/mm) V) (GHz2) (GHz2) (%) (W/mm)
[63] 2006 NF/Wg/Lsp/Lg 2/150/4.5/1.5 306 70 - - 8 11.46 - - - -
NF/Wg/Lsp/Lg 1/50/4.5/1.2 800 180 - - - - - - - -
[64] 2007
NF/W¢/Lsp/Lg 2/37.5/45/1.2 - - - 10 12.3 21.8 - - - -
670 Class B; Vp =25V 47 2.79 6
65 2007 NF/Wg/L L 2/125/5.3/0.25 187 - - 27.4 -
[65] /We/Lso/Le /125/53/ Class B; Vp =20 V 44 1.92 -
6] 2009 NF/Wqg/Lgp/Lsg/ 2/50/2.5/0.5/ 580 220 _ B 85 91 _ _ B _
Lg 0.04
NF/W¢/Lsp/Lg 1/50/4/0.25 1100 300 - - - - - - - -
[70,186] 2013
NF/W¢/Lsp/Lg 2/100/4/0.25 - - - 30 30 - 10 GHz; Vp = 40 V >46 >7 -
[28] 2019  NF/Weq/Lgp/Lsa/La 2/100/3/2/2 662 199 27.56 10 10.2 314 - - - 6.7
[101] 2019 - - - - 56 - - - - - - 2.95
Pulsed; PW = ;
NF/We/Lg 2/300/0.5 - - - - - - DCu=s§g‘;/o' Vo :520%5'\/ 25 -
Pulsed; PW =50 ps;
[102] 2019 NE/Wa/Lg 10/50/0.5 - - - - - - DC = 10%; Vo = 100 V - 232 -
NF/Wo/Le 10/200/0.5" - - - - e - 18.1 -
2 NF—number of fingers; Lg—gate length (um); Wg—gate width (um); Lsp—source-drain spacing (um); Lgp—gate-drain spacing (um); Lsg—source-gate spacing (um); PW—pulse
width; DC—duty cycle). ® Fully packaged device.
Table A2. Relevant electrical parameters of HEMTs fabricated on GaN/diamond bonded wafers.
DC Measurements Small-Signal Large Signal
Ref. Year HEMT Dimensions 2 ID max Sm peak Vb fr fmax Conditions PAE Pp
(mA/mm) (mS/mm) V) (GHz2) (GHz) (%) (W/mm)
10 GHz; Vp =20 V; tuned for Pp 38 3.4
109 2014 NF/W, 2/100 1000 330 - - -
[109] G 10 GHz; Vp =20 V; tuned for PAE 42 3.0
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Table A2. Cont.

DC Measurements

Small-Signal

Large Signal

Ref. Year HEMT Dimensions 2 ID max Sm peak Vp fr fmax Conditions PAE Pp
(mA/mm) (mS/mm) V) (GHz) (GHz) (%) (W/mm)
10 GHz; Vp =40 V; tuned for Pp 30 6.0
[109] 2014 NF/We 2/100 1000 330 - B - 10 GHz; Vpp = 40 V; tuned for PAE 33 5.4
[111] 2016 NF/Wg 12/50 1200 390 - - - 10GHz, Vp =40V 51 11.0
[112] o017 NE/MWe 107125 1000 - - - - - _ —
NF/Wg 4/125 Class AB; 10 GHz; Vp =28V 50.5 5.5
[114] 2019 NF/Wg 4 x 8/180 640 - - - - - - -
Pulsed; PW =10 us; DC = 10%; Vp =50 V 19.8
[118] 2020 W/l 1000730 B - - B - Pulsed; PW = 10 us; DC = 1%; Vp =50 V B 23
[119,120] 2020 NF/Wg/Lg 2/75/0.08 690 325 4 85 106 - - -
3 GHz; Vp =50V, tuned for Pp 46.5 6.63
3 GHz; Vp =50V, tuned for PAE 54.2 5.39
[122] 2018 NEMWc/Le  2/300/05 B - - B - Pulsed; Vp, = 50 V; tuned for Pp 53.5 7.44
Pulsed; Vpg = 50 V; tuned for PAE 59.1 591
4 NF—number of fingers; Lg—gate length (um); Wg—gate width (um); Pg—gate pitch (um); PW—pulse width.
Table A3. Relevant electrical parameters of HEMTs fabricated on GaN layers deposited on diamond substrates.
DC Measurements Small-Signal Large Signal R
Ref. Year HEMT Dimensions ? ID max Sm peak Vb fr fmax Conditions PAE Pp (K,mtrl;/w)
(mA/mm) (mS/mm) V) (GHz) (GHz) (%) (W/mm)
[129] 2010 NE/Wg/Lg/Lsp 1/50/0.2/4.5 730 137.5 10 21 42.5 - - - -
130 2011 NF/We/La/Lsp 1/100/3/20 220 - 10 3 7 - - - -
NE/Wg/Lg 1/630/6 - - - - - - - - 41
031 o012 NF/Wa/Lep/Lsc/La/Lsp 2/100/2.3/23/0.4/5 770 160 15 25 18 - - - -
NF/We/Lgp/Lsg/La/Lsp  2/400/2.3/2.3/0.4/5 - - - - - 1GHz; Vp =50V 46 2.13 15
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Table A3. Cont.

DC Measurements

Small-Signal

Large Signal

Ref. Year HEMT Dimensions 2 Sm peak Vp fr fmax Conditions PAE Pp (K.Ilitll;l/w)
(mS/mm) V) (GHz) (GHz) (%) (W/mm)
[132] 2012 NF/Wg/Lgp/Lsg/Lg/Lsp 1/100/7.5/7.5/5/20 60 - - - - - - -
[133] 2012 NF/Lg/Lgp/Lsc/Lsp 1/0.4/2.3/2.3/5 160 - - - - - - -
@ NF—number of fingers; Lg—gate length (um); Wg—gate width (um); Lsp—source-drain spacing (um); Lgp—gate-drain spacing (um); Lsg—source-gate spacing (1m).
Table A4. Relevant electrical parameters of HEMTs featuring capping diamond.
DC Measurements Small-Signal R
Ref. Year HEMT Dimensions D max Sm peak fr Fmax (Kmm/W)
(mA/mm) (mS/mm) (GHz) (GHz)
[46] 2001 NF 2 190 100 - - -
[141] 2010 - - 150 113.9 - - -
[142] 2012 - - 270 - - - -
[143,144] 2013, 2014 - - 445 127 - - 0.96
[145] 2013 NF/Wg/Lg/Lsp 1/100/3/20 430 - - - -
[148] 2011 NF/Wg/Lg 1/50/0.25 400 170 42 5 -
[154] 2021 - - 1100 148 - - 7.4

a8 NF—number of fingers; Lg—gate length (um); Wg—gate width (um); Lsp—source-drain spacing (um).
8 & g 3 pacing
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Abstract: Currently, a significant portion (~50%) of global warming emissions, such as CO;, are
related to energy production and transportation. As most energy usage will be electrical (as well as
transportation), the efficient management of electrical power is thus central to achieve the XXI century
climatic goals. Ultra-wide bandgap (UWBG) semiconductors are at the very frontier of electronics
for energy management or energy electronics. A new generation of UWBG semiconductors will
open new territories for higher power rated power electronics and solar-blind deeper ultraviolet
optoelectronics. Gallium oxide—Ga;O3 (4.5-4.9 eV), has recently emerged pushing the limits set
by more conventional WBG (~3 eV) materials, such as SiC and GaN, as well as for transparent
conducting oxides (TCO), such asIny;O3, ZnO and SnO;, to name a few. Indeed, Ga,Oj3 as the first
oxide used as a semiconductor for power electronics, has sparked an interest in oxide semiconductors
to be investigated (oxides represent the largest family of UWBG). Among these new power electronic
materials, AlxGaj.4O3 may provide high-power heterostructure electronic and photonic devices at
bandgaps far beyond all materials available today (~8 eV) or ZnGa;Oy4 (~5 eV), enabling spinel
bipolar energy electronics for the first time ever. Here, we review the state-of-the-art and prospects of
some ultra-wide bandgap oxide semiconductor arising technologies as promising innovative material
solutions towards a sustainable zero emission society.

Keywords: energy electronics; ultra-wide bandgap; power electronics; diodes; transistors; gallium
oxide; Ga,Oj3; spinel; ZnGayOy

1. Introduction

According to the latest Intergovernmental Panel on Climate Change (IPCC) report
released in August 2021 [1], climate change is widespread, rapid, and intensifying and
some trends are now regarded as irreversible. Human-induced climate change is already
affecting many weather and climate extremes in every region across the globe. Scientists
are also observing changes across the whole Earth’s climate system; in the atmosphere, in
the oceans, ice floes, and on land. Many of these changes are unprecedented and some
of the shifts are now in motion, while some—such as rising sea levels—are already irre-
versible for the coming centuries to millennia. Stabilizing the climate will require strong,
rapid, and sustained reductions in greenhouse gas emissions, and reaching net zero CO,
emissions. Limiting other greenhouse gases and air pollutants, especially methane, could
be beneficial for the health of the climate as well as the population [1]. The breakdown
for the different greenhouse gas emissions can be seen in Figure 1 [2], where transport
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and electrical production account for up to 40%. Therefore, many energy-related mega-
trends of our modern society must focus on themes such as energy efficiency, e-mobility,
smart grid and digitalization requiring green energy management electronics or power
electronic solutions [3].
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Figure 1. (a) Projected global warming figures for 2100. (b) Global warming emissions by
gas. (c) Global greenhouse gas emissions by economic sector. (d) Selected applications for
power semiconductors Si, SiC, GaN, and Ga;Oj3 for power electronics in terms of current and
voltage requirements. (e) Owing to its ultra-wide bandgap, Ga;O3 can create additional pos-
sible applications for ultra-high power electronics including fast chargers for electric vehicles,
high voltage direct current (HVDC) for data centers, and alternative energy sources. Figure
sources: https://www.epa.gov/ghgemissions/global-greenhouse-gas-emissions-data (accessed
on 16 December 2021). Source: (a) Source: IPCC (2014); based on global emissions from 2010. Details
about the sources included in these estimates can be found in the Contribution of Working Group
III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change. (b) IPCC
(2014) based on global emissions from 2010. Details about the sources included in these estimates
can be found in the Contribution of Working Group III to the Fifth Assessment Report of the In-
tergovernmental Panel on Climate Change. (c) Boden, T.A., Marland, G., and Andres, R.J. (2017).
Global, Regional, and National Fossil-Fuel CO, Emissions. Carbon Dioxide Information Analy-
sis Center, Oak Ridge National Laboratory, U.S. Department of Energy, Oak Ridge, Tenn., U.S.A.
doi 10.3334/CDIAC/00001_V2017. Panels (d) and (e) adapted with permission from [4](© 2018
COPYRIGHT AIP Publishing).

Around half of the power used in the world is electrical and this is expected to increase
steadily in the near future [5]. The vast majority (if not all) 