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Lüders and Rosine Coq Germanicus
SiC Doping Impact during Conducting AFM under Ambient Atmosphere
Reprinted from: Materials 2023, 16, 5401, doi:10.3390/ma16155401 . . . . . . . . . . . . . . . . . . 79

Dalal Fadil, Wlodek Strupinski, Emiliano Pallecchi and Henri Happy
Analysis of Local Properties and Performance of Bilayer Epitaxial Graphene Field Effect
Transistors on SiC
Reprinted from: Materials 2024, 17, 3553, doi:10.3390/ma17143553 . . . . . . . . . . . . . . . . . . 94
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The continuous demand for electronic devices operating at increasing current and
power levels, as well as at high temperatures and in harsh environments, has driven
research into wide-band gap (WBG) semiconductors over the last three decades. This is
because, due to their outstanding physical properties, WBG semiconductors can overcome
the physical and electrical limits imposed by the use of conventional silicon devices [1].
Among WBG materials, the 4H hexagonal polytype of silicon carbide (4H-SiC) is the most
promising for use in power electronics applications in the medium-to-high voltage range
(600–3000 V) [2,3]. However, to achieve optimized performances with these 4H-SiC devices,
a full understanding of the fundamental material properties, processing technologies, and
carrier transport mechanisms associated with this semiconductor material is required.
In this sense, there is still plenty of room for the progress of scientific and technological
research related to this material. On the one hand, an improvement to the performance of
existing power devices in terms of efficiency and reliability is a key aim; on the other hand,
the uses of 4H-SiC could be extended to new cutting-edge technologies, e.g., quantum
technologies and sensors.

This Special Issue, entitled “Silicon Carbide: Material Growth, Device Processing,
and Applications”, showcases a collection of papers on technological developments in
SiC-based devices, including ten original research articles and one review paper.

The topics addressed in the Special Issue can be categorized into three main themes:
(1) investigations into the fundamental characteristics of conventional 4H-SiC devices,
(2) suggestions of new approaches to developing improved devices, and (3) the use of SiC
devices in emerging technology fields, such as quantum technology applications.

Among the papers focusing on important aspects of conventional 4H-SiC-based de-
vices, methods for evaluating the reliability of the critical SiO2/SiC interface in planar
MOSFET devices are discussed in the determination of real stress effects under extreme
operational conditions [4], as well as in the assessment of the charge-to-breakdown in
thermal gate SiO2 [5]. The effects of the various scattering mechanisms on the channel
conduction are also investigated in 4H-SiC MOSFETs [6], whilethe performance of 4H-SiC
MOSFETS has been evaluated using various JFET and gate oxide process parameters [7].
The inhomogeneity in Schottky barrier diodes (Pt/4H-SiC and Cr/4H-SiC contacts) has also
been discussed according to the parallel-diode model and evaluated under the conditions
of a wide range of operational temperatures and biases [8].

A second group of papers focuses on the issues observed during standard approaches
to SiC material growth and characterization. Notably, the discoloration switching phe-
nomenon seen during a single crystal grown of 4H-SiC [9] is discussed, as well as the
direct anodic oxidation phenomenon observed on the SiC surface during conductive AFM
(C-AFM) measurements in an ambient atmosphere [10].

Regarding possible advancements in SiC devices via the proposal of innovative pro-
cessing solutions, a 2D material (bilayer epitaxial graphene) has been investigated and eval-
uated for the fabrication of new field-effect transistors on SiC [11], while a high-permittivity
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dielectric Al2O3/SiO2 stack is proposed as a gate oxide for novel devices based on the cubic
polytype of SiC (3C-SiC) [12]. Additionally, new possible designs are presented for cell
topologies for 4H-SiC Planar Power MOSFETs for high-frequency power applications [13].

Finally, 4H-SiC has also been discussed as an emerging material in the photonics field.
A review paper dedicated to the silicon carbide on insulator stack (SiCOI) [14] provides
an interesting roadmap for further developments in the use of the SiCOI key structure in
quantum photonic integrated circuit applications.

Of course, due to the broadness of 4H-SiC technology, the present collection cannot
provide a comprehensive presentation of all the issues. However, we are confident that
fundamental properties and interesting approaches have been presented and discussed in
these papers.

Acknowledgments: We, the Guest Editors, thank all contributing authors for submitting their
scientific results, as well as the peer reviewers, whose attentive efforts and expert knowledge made
the preparation and publication of this Special Issue possible. We hope that this Special Issue will
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4H-SiC MOSFET Threshold Voltage Instability Evaluated via
Pulsed High-Temperature Reverse Bias and Negative Gate
Bias Stresses
Laura Anoldo 1,*, Edoardo Zanetti 1, Walter Coco 1, Alfio Russo 1, Patrick Fiorenza 2,* and Fabrizio Roccaforte 2

1 STMicroelectronics, Stradale Primosole, 50, 95125 Catania, Italy
2 Consiglio Nazionale delle Ricerche-Istituto per la Microelettronica e Microsistemi (CNR-IMM), Strada VIII 5,

95121 Catania, Italy
* Correspondence: laura.anoldo@st.com (L.A.); patrick.fiorenza@cnr.it (P.F.)

Abstract: This paper presents a reliability study of a conventional 650 V SiC planar MOSFET subjected
to pulsed HTRB (High-Temperature Reverse Bias) stress and negative HTGB (High-Temperature
Gate Bias) stress defined by a TCAD static simulation showing the electric field distribution across
the SiC/SiO2 interface. The instability of several electrical parameters was monitored and their drift
analyses were investigated. Moreover, the shift of the onset of the Fowler–Nordheim gate injection
current under stress conditions provided a reliable method to quantify the trapped charge inside
the gate oxide bulk, and it allowed us to determine the real stress conditions. Moreover, it has been
demonstrated from the cross-correlation, the TCAD simulation, and the experimental ∆Vth and ∆VFN

variation that HTGB stress is more severe compared to HTRB. In fact, HTGB showed a 15% variation
in both ∆Vth and ∆VFN, while HTRB showed only a 4% variation in both ∆Vth and ∆VFN. The
physical explanation was attributed to the accelerated degradation of the gate insulator in proximity
to the source region under HTGB configuration.

Keywords: pMOSFET; 4H-SiC; HTGB; HTRB; pulsed stress; threshold voltage instability

1. Introduction

Due to its superior physical properties compared to silicon (Si), such as a wide band-
gap of about 3.2 eV, a critical electric field, and high thermal conductivity, Silicon carbide
(4H-SiC), which is a wide-band gap (WBG) semiconductor material, is becoming the emerg-
ing candidate for automotive applications, making power transistors with a high power
density module featuring high blocking voltage and ultra-low conduction resistance [1–5].
In this context, High-Temperature Reverse Bias (HTRB) and High-Temperature Gate Bias
(HTGB) are routinely performed product qualification tests for PowerMOSFET manufactur-
ing [6–14]. In particular, the HTGB test is designed to electrically stress the gate insulator
by applying a DC bias voltage at a high temperature, detecting any drift in electrical param-
eters caused by a significant number of charge traps at and near the SiC/SiO2 interface, and
bulk oxide traps generated as the oxide has been deposed. The HTRB test aims to monitor
the drain terminal leakage current of the devices under High-Temperature Reverse Bias
conditions over a period of time. HTRB combines electrical and thermal stress; this test can
be used to check junction integrity, crystal defects, and ionic-contamination level, which can
reveal device weaknesses or degradation effects in the field depletion structures at device
edge termination and in surface passivation. The aim of this work is to compare the effects
of the, namely, similar—in terms of the electric field across the insulator layer—negative
gate bias stress (HTGB) and drain bias stress (HTRB) on PowerMOSFET, respectively. In
this context, TCAD simulations were used to select the experimental conditions to obtain a
fair comparison of the two methods. In fact, a comparison of the results obtained on Power-
MOSFET aging under both HTRB and HTGB, leading to a different drift or degradation
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of the threshold voltage (Vth) and to the onset of the Fowler–Nordheim gate conduction
(VFN), can be fundamental to refine the electrical characterization protocols for device man-
ufacturers [15–21]. This comparison is of fundamental relevance for device manufacturing
and to define the route to “zero-failure” of the field of device under its “mission-profile”.

2. Materials and Methods

Several 4H-SiC wafers containing vertical PowerMOSFET transistors were investigated
in this work. MOSFETs are fabricated on 150 mm wafers on an n-type (0001) 4H-SiC 180 µm
thick substrate with a nitrogen-doping concentration of 4–5 × 1018 cm−3 and resistivity of
0.012–0.025 Ω·cm. The n-type drift epitaxial layer is 12 µm thick with a nitrogen-doping
concentration of 8 × 1015 cm−3 and is grown by chemical vapor deposition (CVD) in
a warm wall multi-wafer reactor. The gate insulation layer is a 50 nm thick deposited
oxide layer through a Low-Pressure Chemical Vapor Deposition (LPCVD) process followed
by a state-of-the-art NO-based post-oxide deposition annealing [22]. The semiconductor
materials were characterized at the beginning of the device fabrication process using
microscopic techniques in order to select those devices without any visible epitaxial defect
that may affect the device’s reliability [12,23]. Firstly, the optical inspection at the surface of
the epitaxial layer is carried out with Candela 8520 using a KLA-Tencor equipment scan
which allows us to detect surface defects such as droplets, carrots, triangles, micro-pits, etc.
Another optical inspection is performed, using a KLA Altair inspection microscope, after
the first photo-lithography step, which defines the pitch of the device, that is, the width,
distance, and PowerMOSFET edges. Then, an accurate selection of good devices normally
intended for sale is carried out, superimposing defectivity maps, shown in Figure 1, and
EWS (Electrical Wafer Sorting). In particular, the EWS is used to select devices distributed
on the whole wafer surface, as schematically described in Figure 1 by red squares avoiding
“dotted” devices spotted as defect-containing devices by optical inspection performed
before and during device fabrication processing.
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3. Device and Stress Procedure Description

A preliminary electrical characterization of the gate oxide and the channel leakage
current under reverse gate bias was performed, and it aimed to obtain the onset of the
Fowler–Nordheim (FN) tunneling conduction and to define input elements for the TCAD
numerical simulation. This iteration is used to define the stress conditions to keep the “real
oxide electric field” and the insulator similar, as much as possible, in both HTGB and HTRB
conditions. In fact, FN tunneling current it is used to univocally estimate the oxide electric
field, the effective thickness and the active semiconductor doping concentration [24–26].
Furthermore, both HTGB and HTRB conditions induce different electric field distribu-
tions across the MOSFET structure and they can be complementary used to understand
which are the more robust and weak components of the elementary cell. In fact, as has
been demonstrated previously by Fiorenza et al. [27], Fowler–Nordheim gate conduction
can be used as reliable feedback on the control of the oxide electric field. In particular,
Figure 2 shows the gate current characteristics (IG-VG) repeated several times, both on
the positive and negative polarization region, and used to define the steady onset of the
Fowler–Nordheim (FN) injection current and to determine gate current onset and effective
oxide thickness [19,25,28]. Figure 2 shows the IG-VG sweeps collected twice consecutively,
both on positive and negative polarizations. It can be noticed that in the negative branch of
the IG-VG (Figure 2), the two consecutive curves do not overlap after repeated negative bias
sweeps. This has been demonstrated previously [24] as a manifestation of transient trap-
ping phenomena occurring at the SiO2/4H-SiC gate system, resulting in an uncontrolled
transient oxide field variation. These measurements are fundamental for giving feedback
to the TCAD simulation to set the stress conditions in a well-known oxide field regime.
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Figure 2. IG-VG characteristics of a 500 Å gate oxide on 650 V SiC PowerMOSFET under two
consecutive positive (orange and grey) and negative (green and blue) bias sweeps at 200 ◦C.

On the other hand, Figure 3 shows the IDS-VDS characteristics used to determine
the operation avalanche breakdown voltage (BVDSs) of the device, the semiconductor
parameters and to tune the HTRB stress conditions. The occurrence of the avalanche
breakdown at a given BVDSs value is fundamental in order to give feedback to the TCAD
simulation to set the stress conditions in a well-known semiconductor field regime.
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Figure 3. ID-VD characteristics under off conditions on a 650 V SiC PowerMOSFET at 200 ◦C.

As mentioned in the introduction, the electrical characterization, provided in Figures 2
and 3, was used to understand the experimental conditions in the negative polarization of
the gate, such as negative gate bias stress (HTGB) and drain bias stress (HTRB), respectively.
TCAD simulations were used to fine-tune the values of VG and VDS in order to obtain
similar electric fields in the gate oxide (Figure 4). The schematic of the half-cell structure
of SiC Planar MOSFET used in the numerical simulation is presented in Figure 4A. In
particular, the static 2D TCAD physical simulations of the gate oxide electric field (E)
distribution near the SiC-SiO2 interface, under negative HTGB and HTRB conditions, of
the 4H-SiC power MOSFET are also shown in Figures 4B and 4C, respectively. Finally,
Figure 4D shows the scanning electron microscopy (SEM) performed on the MOSFET
elementary cell structure. As can be seen, all the device components (source, body, JFET,
etc.) are clearly distinguishable.
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negative HTGB (B) and under HTRB (C) conditions. Scanning electron microscopy cross-section
image of the MOSFET cell (D).

6



Materials 2024, 17, 1908

A simulation related to HTRB configuration, under the BVDSs condition and limited to
IDSs = 1 mA, shows an oxide field maximum value in the JFET region (Figure 4C). On the
other hand, the simulation under negative HTGB (Figure 4B), at an equivalent gate oxide
field, shows a larger oxide field in the source region compared to the JFET. Hence, although
the absolute value of the electric field induced on the gate oxide is the same, under negative
HTGB, the field lines at the source/body interface are much higher than in the drift region
due to the mismatch in the dielectric constant of the oxide and the semiconductor. Opposite
behavior is seen in the case of the HTRB test, where the maximum electric field occurs in the
drift region and is practically zero in the source/body region. In this context, it is mandatory
to understand the device physics involved in both HTRB and HTGB configurations in order
to clarify which particular phenomenon is involved in the different parts of the device
degradation. In this scenario, it is fundamental to focus on the impact of these two different
stress conditions (having a similar gate oxide field conditions), paying particular attention
to the drift of key parameters, represented in Figure 5: the gate and drain terminals’ leakage
currents (IGSs and IDSs); the gate oxide conduction (VFN+ and VFN− namely the Fowler–
Nordheim voltage onset by electrons and hole currents coming from the semiconductor);
the drain-source breakdown voltage (BVDSs); the transistor threshold (Vth); the threshold
with source and drain grounded (VtSAT); threshold voltage at 10 µA (VtC); the VDSs voltage
under conduction (ON-state) condition (VDSON); and the body-drain diode forward bias
(VFEC). The testing protocol is performed using the Keysight Easy Expert platform, as
schematically shown in Figure 5.

Materials 2024, 17, x FOR PEER REVIEW  6  of  13 
 

 

 

Figure 5. Stress cycling procedure. 

The investigation on the drift of the mentioned electrical parameters aims to under-

stand which are the most sensitive parameters to drift under stress conditions. In order to 

induce significant drift in the selected parameters during stress, the measure/stress cycling 

routine allows us  to control  the Keysight B1505 device analyzer (Keysight, Santa Rosa, 

CA, USA) and  the HV MPI-TS2000DP  semiautomatic probe-station  (MPI Corporation, 

Zhubei City, Taiwan) to perform wafer level measurements at a temperature of 200 °C. To 

take advantage of the simulation shown in Figure 4, and to accelerate device degradation, 

a higher VDSs condition than BVDSs (i.e. VDSs = 890 V/IDSs ~2 mA) for HTRB stress has been 

chosen, beside an equivalent VGSs stress condition, in terms of a gate oxide field for nega-

tive HTBG at VGSs = −19.5 V. The purpose is to put the transistor under an avalanche con-

dition  in  order  to  accelerate  the  stress  effects within  40  h.  This  particular  high-volt-

age/high-current  stress-sensing  configuration  needed  an  unconventional  experimental 

setup that is worth describing. The enhancement of the power capability until a voltage 

of ~960 V and leakage current of ~33 mA are reached under pulsed mode [29] is allowed 

by a Keysight N1266 HVSMU  current  expander, with  interconnection of  the  so-called 

Keysight SMU as the MC (Medium Current) and MP (Medium Power) of the B1505. More-

over, in order to switch from a high-voltage to a high-current test, a N1258A Module se-

lector is implemented, as shown in the complete schematic of the connections in Figure 6. 

Figure 5. Stress cycling procedure.

The characterization flow—schematically depicted in Figure 5—consists of a sequence
of stresses and read-outs, i.e., up to 40 h of cumulative stress which equates to 80 stress/read-
outs. In each readout, the characteristic parameters of the MOSFET are measured; after the
stresses sequence, either HTGB or HTRB are measured. Furthermore, the readout sequence
is chosen from the mild perturbation to the more severe perturbation condition.

The investigation on the drift of the mentioned electrical parameters aims to under-
stand which are the most sensitive parameters to drift under stress conditions. In order to
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induce significant drift in the selected parameters during stress, the measure/stress cycling
routine allows us to control the Keysight B1505 device analyzer (Keysight, Santa Rosa, CA,
USA) and the HV MPI-TS2000DP semiautomatic probe-station (MPI Corporation, Zhubei
City, Taiwan) to perform wafer level measurements at a temperature of 200 ◦C. To take ad-
vantage of the simulation shown in Figure 4, and to accelerate device degradation, a higher
VDSs condition than BVDSs (i.e. VDSs = 890 V/IDSs ~2 mA) for HTRB stress has been chosen,
beside an equivalent VGSs stress condition, in terms of a gate oxide field for negative HTBG
at VGSs = −19.5 V. The purpose is to put the transistor under an avalanche condition in
order to accelerate the stress effects within 40 h. This particular high-voltage/high-current
stress-sensing configuration needed an unconventional experimental setup that is worth
describing. The enhancement of the power capability until a voltage of ~960 V and leakage
current of ~33 mA are reached under pulsed mode [29] is allowed by a Keysight N1266
HVSMU current expander, with interconnection of the so-called Keysight SMU as the MC
(Medium Current) and MP (Medium Power) of the B1505. Moreover, in order to switch
from a high-voltage to a high-current test, a N1258A Module selector is implemented, as
shown in the complete schematic of the connections in Figure 6.
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On the other hand, pulsed HTGB and HTRB stress occur close to the operative con-
dition of the real application of the PowerMOSFET subjected to on/off hard switching.
Hence, pulsed stress characterization was achieved by placing an oscilloscope with an
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HV probe in series with the output of the resources. Although the N1266 module allows
us to impose a maximum impulse of 1 ms, the resistance of the wiring system, and the
consequent misalignment measured between forced voltage and applied voltage, led us to
reduce the impulse to 500 µs. Thus, each stress cycle consisted of 1000 pulses with a 5 ms
period, repeated 360 times for a total stress time of 1800 s, as shown in Figure 7.
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Figure 7. VD stress pulse characterization.

4. Data/Results and Discussion

To simplify the graphical representation of drifting parameters under HTRB and HTGB
stress, a limited selection of devices under testing has been reported in the figures related to
the test. The experimental results have been confirmed on samples collected on different
wafers belonging to different production lots. Some representative devices are reported in
the following tables labeled as the Dev number belonging to their wafer (Wf) number.

4.1. HTRB Test

A preliminary characterization of the devices was performed before the HTRB test by
taking into account the different parameters, shown in Figure 5 in orange boxes. Table 1
shows only the parameters, which, after stress, exhibit the most significant drift. It has to
be emphasized that Vth and VFN- (hole injections from p-body) are affected by the stress.
The drift of the other electrical parameters is quite negligible.
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Table 1. Channel- and gate oxide-related parameters before HTRB test and their corresponding drift
(I(t)/I(0)) after 40 h of HTRB stress.

Vth (V)
@ IDS = 5 µA
VDS = 0.1 V

VFN+ (V)
@ IGS =
+10 nA

VFN- (V)
@ IGS = −10

nA

BVDSS (V)
@ IDS = 1 mA

G & S
Grounded

DEV33–WF1 0.523 33.42 −17.30 879.11 Param
etric

data
Before

H
T

R
B

stress

DEV36-WF1 0.510 33.58 −17.78 881.43

DEV19-WF2 0.814 36.00 −18.59 853.08

DEV20-WF2 0.842 35.82 −18.14 853.34

DEV33–WF1 0.989 1.01 1.07 1.00

D
rift

analysis
A

fter
H

T
R

B
stress

DEV36-WF1 0.950 1.01 1.05 1.00

DEV19-WF2 1.014 1.01 1.06 1.00

DEV20-WF2 1.010 1.01 1.07 1.00

4.2. HTGB Test

The same preliminary characterization was performed in HTGB stress conditions and
the most significant results are, respectively, shown in Table 2 for the first read-out and for
drift analysis.

Table 2. Channel- and gate oxide-related parameters before HTRB test and their corresponding drift
(I(t)/I(0)) after 40 h HTGB stress.

Vth (V)
@ IDS = 5 µA
VDS = 0.1 V

VFN+ (V)
@ IGS =
+10 nA

VFN- (V)
@ IGS = −10

nA

BVDSS (V)
@ IDS = 1 mA

G & S
Grounded

DEV34–WF1 0.45 33.68 −17.59 879.82 Param
etric

data
Before

H
T

G
B

stress

DEV37-WF1 0.51 32.98 −17.38 878.16

DEV21-WF2 0.89 36.21 −18.41 840.66

DEV22-WF2 0.82 35.46 −18.55 844.32

DEV34–WF1 0.96 1.01 1.16 1.01

D
rift

analysis
A

fter
H

TG
B

stress

DEV37-WF1 0.91 1.01 1.15 1.01

DEV21-WF2 0.99 1.01 1.11 1.01

DEV22-WF2 1.00 1.01 1.10 1.01

At the end of the characterization protocol, a data comparison of the drift analysis of
HTRB-stressed devices and negative equivalent bias under HTGB stress was carried out on
Vth (Figure 8). The decreasing Vth on the blue sample (stressed under HTGB conditions) is
higher than that on the red ones (stressed under HTRB conditions). This is usually related
to negative charge emission or hole trapping in the gate oxide. It can be noticed that the
HTRB caused a variation in the threshold voltage of ∆Vth < 4% from the initial value.
On the other hand, the HTGB caused a large variation (with respect of the HTRB) in the
threshold voltage of ∆Vth < 15% from the initial value.
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Figure 8. Threshold voltage drift under HTRB at 890 V (red) and HTGB at −19.5 V (blue) stress.

To confirm these results, and to emphasize the contribution of the charge trapped
inside the gate oxide bulk, the VFN drift under positive and negative bias has been put
under analysis. The most significant drift, reported in Figure 9, is related to VFN-, which is
mainly affected by hole injection from the body and electrons from poly. Comparing the
results with HTRB equivalent stress, the result is more evident than for Vth drift and the
VFN- shift is higher on the HTGB-stressed samples.
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It can be noticed that the HTRB produced a variation in the onset voltage of the
Fowler–Nordheim conduction of ∆VFN < 4% from the initial value. On the other hand, the
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HTGB produced a large variation (with respect of the HTRB) in the threshold voltage ∆VFN
of < 15% from the initial value.

This experimental evidence can been understood by looking at the TCAD simulation
in Figure 4B,C. In fact, in HTGB (Figure 4B) in the source region, the electric field is larger
than that in the field in the JFET region; meanwhile, in HTRB (Figure 4C) in the source
region, the electric field is a small fraction of that in the JFET region. Hence, different device
degradation can be attributed to the different charge trapping occurring in the gate oxide
in the proximity of the source region.

Finally, we calculated and quantified, by the charge-sensing method [30], the averaged
trapped charge density inside the gate oxide. This confirmed the hypothesis of the worst-
case effect on gate oxide degradation being that of negative bias gate stress as opposed to
HTRB stress, even if the simulated gate field is the same (Figure 10). Negative bias stress
causes a negative shift in Vth, which might be explained by the filling and emptying of
near-interfacial oxide traps in the presence of a gate bias stress [31].

 
Figure 10. Oxide trapped charge density under HTRB (red) and HTGB (blue) stress.

5. Conclusions

In the field of device reliability, it is fundamental to evaluate which is the experimental
procedure that represents the best trade-off between real-world application conditions and
an accelerated characterization test to qualify material processing for device fabrication.
Therefore, in this paper, a comparison of pulsed HTGB and HTRB stress has been carried
out on defect-free 4H-SiC PowerMOSFETs at EWS in order to identify the most sensitive
electrical test parameter under different stress conditions. From a wide number of analyzed
electrical parameters, Vth and VFN- showed higher instability and degradation compared
to the others. Moreover, it has been demonstrated from the cross-correlation, the TCAD
simulation and the experimental ∆Vth and ∆VFN- variation that HTGB stress is more severe
compared to HTRB stress. In fact, HTGB showed a 15% variation in both ∆Vth and ∆VFN−;
meanwhile, HTRB showed only a 4% variation in both ∆Vth and ∆VFN- after an accumu-
lated stress of 40 h. The physical explanation was attributed to the accelerated degradation
of the gate insulator in the proximity of the source region under HTGB configuration.
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Abstract: The failure mechanism of thermal gate oxide in silicon carbide (SiC) power metal oxide
semiconductor field effect transistors (MOSFETs), whether it is field-driven breakdown or charge-
driven breakdown, has always been a controversial topic. Previous studies have demonstrated that
the failure time of thermally grown silicon dioxide (SiO2) on SiC stressed with a constant voltage
is indicated as charge driven rather than field driven through the observation of Weibull Slope β.
Considering the importance of the accurate failure mechanism for the thermal gate oxide lifetime
prediction model of time-dependent dielectric breakdown (TDDB), charge-driven breakdown needs
to be further fundamentally justified. In this work, the charge-to-breakdown (QBD) of the thermal
gate oxide in a type of commercial planar SiC power MOSFETs, under the constant current stress
(CCS), constant voltage stress (CVS), and pulsed voltage stress (PVS) are extracted, respectively. A
mathematical electron trapping model in thermal SiO2 grown on single crystal silicon (Si) under CCS,
which was proposed by M. Liang et al., is proven to work equally well with thermal SiO2 grown on
SiC and used to deduce the QBD model of the device under test (DUT). Compared with the QBD

obtained under the three stress conditions, the charge-driven breakdown mechanism is validated in
the thermal gate oxide of SiC power MOSFETs.

Keywords: thermal gate oxide; SiC; MOSFET; charge-driven breakdown; QBD; CCS; CVS; PVS;
electron trapping model

1. Introduction

Silicon carbide (SiC) power MOSFETs are gradually gaining market attention due to
their lower switching losses, higher temperature capability, higher switching frequencies,
and increasingly competitive price compared to their silicon (Si) counterparts [1,2]. Es-
pecially in the field of electric vehicles (EVs), the aforementioned advantages make them
largely attractive to EV OEMs and tier-one suppliers for potential applications in onboard
chargers and drivetrain inverters [3–5]. Planar SiC power MOSFETs, with their relatively
more mature process and cheaper manufacturing costs, have become the mainstream com-
mercial SiC power MOSFETs on the market [6–11]. Trench SiC power MOSFETs, although
optimized in device performance due to enhanced electron mobility and elimination of
JFET resistance, as well as smaller cell pitch, still hold a relatively small market share due
to their higher cost and lower reliability [12,13]. The lower reliability is mainly caused by
electric field crowding at the corner of the trench gate and implantation-induced basal
plane dislocation (BPD) [14–17]. Therefore, although the performance and structural lim-
itations of planar SiC power MOSFETs are gradually becoming apparent, unless trench
SiC power MOSFETs with better economy and reliability are commercialized, the main
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way to improve the performance of planar SiC power MOSFETs is to operate the devices
at a higher gate oxide field to increase the channel electron density [18,19]. However,
this places more stringent demands on the reliability of gate oxide in planar SiC power
MOSFETs. One major area of concern is that the prediction of gate oxide lifetime under the
typical operation, with an increased gate oxide field, still needs to meet conservative design
requirements [20]. This requires not only improvements to the thermal growth process of
gate oxide in planar SiC power MOSFETs, but also sufficient accuracy in the gate oxide
lifetime prediction model [21]. The key to determining the accuracy of the prediction model
is the failure mechanism of thermal gate oxide grown on SiC [22].

The commonly used gate oxide lifetime prediction method in the industry for pla-
nar SiC power MOSFETs is the time-dependent dielectric breakdown (TDDB) test. As
MOSFETs are voltage-controlled devices, the conventional TDDB test in the industry is
constant voltage stress TDDB (CVS-TDDB) based on the thermochemical E model, as
it provides the most conservative lifetime extrapolation, even without physical or even
experimental justification [23–25]. The thermochemical E model is considered to be based
on the thermal gate oxide failure mechanism of field-driven breakdown [26]. P. Moens
et al. questioned this mechanism and proposed a more rational failure mechanism of
charge-driven breakdown [27]. The team grew approximately 53 nm of silicon dioxide
(SiO2) on n-epi SiC to form circular capacitor structures with n+ doped polysilicon gates.
By measuring the gate leakage current as a function of the gate oxide field at different
temperatures, they concluded that the electron tunneling mechanism from SiC to SiO2
transitions from thermally assisted tunneling (TAT) to Fowler–Nordheim tunneling (FNT)
as the gate oxide field increases. During the transition, there is a phase where both the
electron tunneling mechanisms jointly influence. This transition in the electron tunneling
mechanism cannot be described in the conventional Weibull plots of CVS-TDDB based
on field-driven breakdown but can be accurately depicted in new Weibull plots based on
charge-driven breakdown, where the Weibull Slope (β) at the TAT dominant stage, FNT
dominant stage, and the joint influence stage each have a specific value that decreases in
the stage order of TAT dominance, joint influence, and FNT dominance. Therefore, the
failure mechanism of thermal gate oxide grown on SiC is considered to be charge-driven
breakdown rather than field-driven breakdown, and a more optimistic lifetime prediction
model based on QBD has been proposed. Since the stressor is charge rather than field, con-
stant current stress (CCS) is considered as a better stress method because it is not negatively
affected by trapped electrons in the gate oxide and can reach QBD faster [28]. The β value
of the Weibull plots based on the CCS-QBD approach has also been proven to accurately
describe the transition in the electron tunneling mechanism.

This work draws on the electron trapping model in very thin SiO2 (no more than
10 nm) thermally grown on Si under CCS by M. Liang et al., proving its applicability
also in approximately 4–5 times thicker SiO2 thermally grown on SiC through CCS-TDDB
tests on thermal gate oxide in a type of commercial planar SiC power MOSFETs until
failure [29]. Based on this electron trapping model, a QBD model for thermal gate oxide in
the commercial planar SiC power MOSFETs under test is established. Considering that the
gate voltage signal for MOSFETs is a pulse-width-modulated (PWM) signal rather than a
constant in actual applications, MOSFETs are voltage-controlled devices [30]. Therefore, in
addition to conventional CVS, this paper also extracts the QBD of the thermal gate oxide
in commercial planar SiC power MOSFETs under pulsed voltage stress (PVS) and CCS at
different stress levels for comparison with the established QBD model. The high match
between the extracted QBD and the QBD model indicates that different stress methods do
not change the failure mechanism of thermal gate oxide, and the existence of a specific QBD
that causes the thermal gate oxide to fail under different stress methods further proves that
charge-driven breakdown is the failure mechanism of thermal gate oxide. Additionally, the
lifetime prediction model established based on this failure mechanism can be considered
more credible even if it is not as conservative as the thermochemical E model [31]. This
will also provide a theoretical basis for suggesting the industry adopt more aggressive
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screening methods to more effectively screen out extrinsic defects in thermal gate oxide
according to the more optimistic lifetime prediction [32].

2. Materials and Methods
2.1. Devices under Test (DUTs)

In this work, the devices under test (DUTs) are commercial 1200 V planar SiC power
MOSFETs packaged in TO-247-3 from Vendor E. Considering that as more and more EV
OEMs upgrade from 400 V systems to 800–900 V systems, the voltage rating of 1200 V
will receive more attention from the market, so selecting this DUT is a better reference for
the industry [33–37]. The curves of gate leakage current (Igss) for three DUTs at 150 ◦C,
as a function of gate voltage (Vg), are presented in Figure 1. The high overlap of the
three curves demonstrates the high uniformity in gate oxide quality of the commercial
DUTs. This indicates that these commercial DUTs undergo stringent gate oxide screening
before leaving the factory, reducing the adverse impact of early oxide failure caused by
extrinsic defects on subsequent test results [38]. The Igss curves for all three DUTs exhibit
breakdown near 50 V, with an average gate oxide breakdown voltage of about 48.57 V.
Based on the assumption that the critical breakdown electric field is about 11 MV/cm for
SiO2, the gate oxide thickness of DUTs can be estimated to be approximately 44.15 nm [39].
According to the total capacitance (Ctot) derived from the gate C-V measurements of DUTs
and Cox of SiO2, the gate oxide area in each DUT is estimated to be about 0.9 mm2. General
information of the commercial DUTs used in this work is summarized in Table 1.
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Table 1. General information of DUTs in this work.

Vendor Voltage
Rating (V)

Current
Rating (A) Structure Est. Oxide

Thickness (nm)
Est. Oxide

Area (mm2)

E 1200 11 Planar 44.15 0.9

2.2. Experimental Methods
2.2.1. Liang and Hu’s Electron Trapping Model

A mathematical model for describing the electron trapping phenomenon in very thin
SiO2 thermally grown on Si under CCS has been proposed by M. Liang and C. Hu [29].
In this model, M. Liang et al. have demonstrated that when the thickness of SiO2 in a
polycrystalline-Si-SiO2-Si MOS capacitor structure reaches a certain level, the change in
Vg (∆Vg) between the polycrystalline-Si gate and the grounded Si measured under CCS
tends to saturate at a high electron fluence (F). However, in the case of thinner SiO2,
∆Vg does not show a saturation trend with F but instead tends to linearly increase until
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the oxide breakdown. This phenomenon is also observed under various CCS, and with
different thicknesses of SiO2, as long as they do not exceed the critical oxide thickness.
Therefore, for thinner SiO2, M. Liang et al. believe that in addition to the pre-existing
electron traps in SiO2, new electron traps are being generated during CCS. The pre-existing
electron traps and the generated electron traps, having different trap capture cross-sections
and trap centroids, collectively capture electrons tunneling from Si into the oxide, thus
affecting ∆Vg. Based on this, a comprehensive mathematical model is established and used
to characterize the electron trapping phenomenon in the 100 Å SiO2 of a fabricated Si MOS
capacitor structure.

In this model, the density of filled electron traps can be expressed as follows:

Not
(
σp, σg, F

)
= Nopt

(
σp, F

)
+ Nogt

(
σg, F

)
= Nop

(
σp
)(

1 − e−σp F
)
+ q

g
J
[F − 1

σg
(1 − e−σg F)] (1)

where
Not—density of filled electron traps;
Nop/Nopt—density of pre-existing total/filled electron traps;
Nogt—density of filled generated electron traps;
σp/σg—capture cross-section of pre-existing/generated electron traps;
q—electric charge of an electron;
J—current density of the specific CCS;
F—electron fluence (F = J·t/q, t is the stress time under the specific CCS);
g—generation rate of generated electron traps under the specific CCS.
Therefore, ∆Vg due to the filled electron traps can be expressed as follows:

∆Vg(F) =
q

εox
x(F)Not

(
σp, σg, F

)
(2)

where εox is the dielectric constant of SiO2 and x is the centroid of electron traps measured
from the gate. Figure 2 presents a method for extracting x with respect to F through shifts
in Ig-Vg curves at different stages under a specific CCS as shown below.

Also, x can be represented by the centroid of pre-existing electron traps (xp) and the
centroid of generated electron traps (xg) as follows:

x(F) =
xpNopt + xgNogt

Nopt + Nogt
(3)

When F is large enough under a specific CCS, ∆Vg can be simplified to the following:

∆Vg(F) =
q

εox

[
xpNop − xgq

g
J

1
σg

+ xgq
g
J

F
]
=

q
εox

xgq
g
J
·F +

q
εox

(
xpNop − xgq

g
J

1
σg

)
(4)

Considering that xpNop is a constant characteristic value regarding pre-existing elec-
tron traps and the generation rate of generated electron traps g under a specific CCS is also
considered as a specific constant value in the model, Equation (4) can be regarded as a linear
expression of ∆Vg with respect to F when F is large enough. Moreover, differentiating
Equation (4) can give the constant slope of this linear expression as follows:

d∆Vg

dF
=

q
εox

xgq
g
J

(5)

From Equation (3), it is known that x varies due to the ratio change between Nopt and
Nogt under different F. When F is large enough, Nopt, having tended to saturate earlier,
becomes almost negligible relative to Nogt, which continues to increase with the constant
generation rate of new electron traps. In this case, x tends to saturate, and the saturation
value approached can be estimated as xg. In the model, xg is found to be a constant value,
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unaffected by CCS. This phenomenon is also reflected in the measurements of gate oxide in
commercial SiC DUTs in this work.

Materials 2024, 17, x FOR PEER REVIEW 5 of 16 
 

 

saturation value approached can be estimated as 𝑥തതത. In the model, 𝑥തതത is found to be a 
constant value, unaffected by CCS. This phenomenon is also reflected in the measure-
ments of gate oxide in commercial SiC DUTs in this work. 

 
Figure 2. Energy band variation caused by ∆𝑉 to maintain a constant FNT barrier for a constant ห𝐼௦௦ห. �̅� can be extracted based on ∆𝑉 at different stages under the constant ห𝐼௦௦ห. 
2.2.2. Extraction of Charge-to-Breakdown (𝑄) 𝑄 measurement is a standard destructive method used to determine the quality of 
gate oxide in MOS devices. 𝑄  is extracted by calculating the total charge passing 
through the dielectric (i.e., the product of total electron fluence and the electric charge of 
an electron, or the integral of electron current over time-to-breakdown (𝑡), making it a 
time-dependent measurement [27]. The extraction of 𝑄 can be represented as follows: 𝑄 = 𝑞 ∙ 𝐹 ∙ 𝐴௫ = න 𝐼(𝑡)௧ಳವ 𝑑(𝑡) (6) 

3. Results 
3.1. Modeling of ∆𝑉 When Breakdown Occurs (∆𝑉) in Commercial SiC DUTs 
3.1.1. 𝑥തതത Extraction 

In Figure 3, based on the above method of extracting �̅�, the curves of �̅� versus 𝐹 
for the commercial SiC DUTs at 150 °C under a CCS of 0.5 and 0.7 µA are shown. It is 
observable that the two curves highly coincide, consistent with what is measured in the 
oxide thermally grown on Si that there is no correlation with the CCS. However, due to 
the inferior quality of oxide thermally grown on SiC compared to Si, the oxide fails before 𝐹 is large enough for �̅� to reach its saturation value [40]. Therefore, by fitting the over-
lapped curves of �̅� versus 𝐹, the 𝑥തതത of DUTs is estimated to be approximately 16.5 nm 
measured from the gate. 

Figure 2. Energy band variation caused by ∆Vg to maintain a constant FNT barrier for a constant∣∣Igss
∣∣. x can be extracted based on ∆Vg at different stages under the constant

∣∣Igss
∣∣.

2.2.2. Extraction of Charge-to-Breakdown (QBD)

QBD measurement is a standard destructive method used to determine the quality
of gate oxide in MOS devices. QBD is extracted by calculating the total charge passing
through the dielectric (i.e., the product of total electron fluence and the electric charge of
an electron, or the integral of electron current over time-to-breakdown (tBD), making it a
time-dependent measurement [27]. The extraction of QBD can be represented as follows:

QBD = q·F·Aox =
∫ tBD

0
I(t)d(t) (6)

3. Results
3.1. Modeling of ∆Vg When Breakdown Occurs (∆VgBD) in Commercial SiC DUTs
3.1.1. xg Extraction

In Figure 3, based on the above method of extracting x, the curves of x versus F
for the commercial SiC DUTs at 150 ◦C under a CCS of 0.5 and 0.7 µA are shown. It is
observable that the two curves highly coincide, consistent with what is measured in the
oxide thermally grown on Si that there is no correlation with the CCS. However, due to the
inferior quality of oxide thermally grown on SiC compared to Si, the oxide fails before F is
large enough for x to reach its saturation value [40]. Therefore, by fitting the overlapped
curves of x versus F, the xg of DUTs is estimated to be approximately 16.5 nm measured
from the gate.
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Figure 3. x curves as a function of F for DUTs at 150 ◦C under a CCS of 0.5 and 0.7 µA, respectively,
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3.1.2. Mathematical Expression of ∆VgBD

In Figure 4, the curves of Vg over stress time until the oxide breakdown at 150 ◦C
for six DUTs under a CCS of 0.7 µA are shown. ∆Vg can be obtained by subtracting the
initial Vg from Vg at different time points. Multiplying time by the known current density
under CCS and dividing by the electric charge of an electron yields the electron fluence.
Figure 5a presents the curves of ∆Vg versus F until the oxide breakdown at 150 ◦C for the
six DUTs under a CCS of 0.7 µA. Differentiating the curves in Figure 5a results in the curves
shown in Figure 5b. The high consistency among the six curves in both again proves the
uniformity of the oxide quality in these commercial SiC DUTs after a possible stringent
gate oxide screening. According to Equation (4), the electron trapping phenomenon in
the oxide of these commercial SiC DUTs shows characteristics similar to those predicted
by the model for very thin oxide thermally grown on Si. By extending the linear part of
the curves within the high F range in Figure 5a to intersect with the y-axis, the value of
intersection point is estimated to be approximately −0.7 V. Additionally, the saturation
value extracted in Figure 5b within the corresponding F range for the linear part of the
curves in Figure 5a is about 6.76 × 10−20 V·cm2. Therefore, the relevant mathematical
expressions can be represented as follows:

q
εox

(
xpNop − xgq

g
J

1
σg

)
≈ −0.7 V (7)

q
εox

xgq
g
J
≈ 6.76 × 10−20 V·cm2 (8)

Since J ≈ 0.7 µA/0.9 mm2 ≈ 7.8 × 10−5 A/cm2 and xg ≈ 16.5 nm, the above expres-
sions can be transformed into the following:

g(0.7 µA) ≈ 4.3 × 107 cm−2·s−1 (9)

xpNop −
1.46 × 10−13

σg
≈ −1.51 × 106cm−1 (10)

Similarly, Figure 6a displays the curves of Vg over stress time until the oxide break-
down for three DUTs under CCS of 0.14 µA. Moreover, both the characteristics of ∆Vg
versus F for three DUTs under a CCS of 0.14 µA shown in Figure 6b, and of the differenti-
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ated curves in Figure 6c, are very similar to those in Figure 5a,b. Therefore, by repeating
the aforementioned method, similar relevant mathematical expressions can be obtained as

g(0.14 µA) ≈ 8.47 × 106 cm−2·s−1 (11)

xpNop −
1.43 × 10−13

σg
≈ −2.157 × 105cm−1 (12)
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Figure 5. (a) ∆Vg curves as a function of F until oxide breakdown at 150 ◦C for the six DUTs under
a CCS of 0.7 µA; (b) Differentiated curves from (a). # is a number sign representing the number
of electrons.
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Figure 6. (a) Vg curves as a function of stress time until the oxide breakdown at 150 ◦C for three DUTs
under CCS of 0.14 µA; (b) ∆Vg curves as a function of F until the oxide breakdown at 150 ◦C for the
three DUTs under CCS of 0.14 µA; (c) Differentiated curves from (b).
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Considering that the DUTs stressed under a CCS of 0.7 and 0.14 µA are from the same
batch of identical devices produced on the same wafer using exactly the same process,
xpNop can be considered a constant value unaffected by CCS. Also, in the model, the
generated electron traps under CCS have been proven to have a centroid always at a specific
and constant position unaffected by CCS, with CCS mainly affecting their generation rate.
Furthermore, σg, as a specific attribute of the generated electron traps, is also considered to
be a constant value unaffected by CCS. Therefore, relating Equations (10) and (12) can give
xpNop and σg values of approximately 6.2 × 107 cm−1 and 2.317 × 10−21 cm2. Since the
electron-fluence-to-breakdown (FBD) with respect to tBD of the oxide can be expressed as
FBD = J·tBD/q, and with the CCS value I ≈ 0.009·J, the mathematical relationship between
∆VgBD and I can be expressed as follows:

∆VgBD(I) ≈ 7.7 × 10−13 · g(I)·tBD − 4.68 × 10−13 · g(I)
I

+ 28.74 V (13)

Figure 7 shows the curves of Vg over stress time until oxide breakdown for DUTs under
all CCS scenarios used in this work. The applied CCS values include 23.2 nA, 0.14 µA,
0.275 µA, 0.7 µA, 3.43 µA, 15.94 µA, 19.5 µA, 34.3 µA, and 61.1 µA, corresponding to gate
oxide electric fields of 7.5, 8, 8.2, 8.5, 9, 9.5, 9.6, 9.8, and 10 MV/cm, respectively, estimated
by correlative Vg of CCS in Figure 1 divided by the oxide thickness. The tBD of gate oxide
in DUTs under each CCS can be extracted when the curves of Vg sharply drop and the
average tBD at 150 ◦C under each CCS are reflected in Figure 8. It can be observed that
under CCS, tBD follows a 1/I model, which can be expressed as follows:

tBD(I) = A·I−B (14)

where A and B are constant. For DUTs in this work, under CCS, tBD(I) is fitted by the 1/I
model as follows:

tBD(I) = 0.071 · I−1.017·s (15)

Or in the log-log scale, Equation (14) can be transformed into the following:

log(tBD(I)) ≈ −1.017 · log(I)− 1.1492 (16)

Which is in a linear relationship as shown in the inset of Figure 8.
Using the method described earlier for extracting g of generated electron traps under a

specific CCS, g under each CCS is extracted and is presented in Figure 9. It can be observed
that g follows a linear I model. The mathematical expression for this linear I model is
as follows:

g(I) ≈ 6.13 × 1013 · I − 30324.35 cm−2 · s−1 (17)
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that the measured ∆𝑉 under all CCS values not exceeding 3.43 µA highly coincides 
with the curve of model-based ∆𝑉 as a function of 𝐼. However, as CCS gradually ex-
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under CCS values of 23.2 nA, 0.14 µA, 0.275 µA, 0.7 µA, 3.43 µA, 15.94 µA, 19.5 µA, 34.3 µA, and
61.1 µA, respectively.

Materials 2024, 17, x FOR PEER REVIEW 9 of 16 
 

 

 
Figure 7. 𝑉 curves as a function of stress time until oxide breakdown at 150 °C for multiple DUTs 
under CCS values of 23.2 nA, 0.14 µA, 0.275 µA, 0.7 µA, 3.43 µA, 15.94 µA, 19.5 µA, 34.3 µA, and 
61.1 µA, respectively. 

 
Figure 8. Average 𝑡 of gate oxide at 150 °C under each CCS for multiple DUTs fitted by a 1/𝐼 
model. The inset shows the log–log scale with a linear relationship. 

Using the method described earlier for extracting 𝑔 of generated electron traps un-
der a specific CCS, 𝑔 under each CCS is extracted and is presented in Figure 9. It can be 
observed that 𝑔 follows a linear 𝐼 model. The mathematical expression for this linear 𝐼 
model is as follows: 𝑔(𝐼) ൎ 6.13ൈ1013 ∙ 𝐼 − 30324.35 cm−2 ∙ s−1 (17) 

Therefore, the mathematical expression of ∆𝑉 as a function of 𝐼 can be summa-
rized as the combination of Equations (13), (14), and (17). The curve of the mathematical 
expression is displayed in Figure 10 as model-based ∆𝑉 . Additionally, ∆𝑉  for 
DUTs under each CCS can be obtained from Figure 7 by subtracting the initial 𝑉 from 𝑉 at the point of gate oxide breakdown, which is also reflected in Figure 10. It is observed 
that the measured ∆𝑉 under all CCS values not exceeding 3.43 µA highly coincides 
with the curve of model-based ∆𝑉 as a function of 𝐼. However, as CCS gradually ex-
ceeds 3.43 µA, the measured ∆𝑉  starts to fall below the model expectation. This 

Figure 8. Average tBD of gate oxide at 150 ◦C under each CCS for multiple DUTs fitted by a 1/I
model. The inset shows the log–log scale with a linear relationship.

23



Materials 2024, 17, 1455

Materials 2024, 17, x FOR PEER REVIEW 10 of 16 
 

 

discrepancy arises because, under CCS not exceeding 3.43 µA, the electron tunneling 
mechanism is predominantly thermally assisted tunneling (TAT), with the oxide’s trapped 
charge mainly consisting of electrons, making the electron trapping model applicable in 
this range. The tunneling electrons lack sufficient energy to trigger enough impact ioniza-
tion, thus preventing trapped holes induced by anode hole injection (AHI) from dominat-
ing over trapped electrons. In contrast, when CCS exceeds 3.43 µA, the electron tunneling 
mechanism shifts more toward Fowler–Nordheim tunneling (FNT). In this regime, the 
tunneling electrons possess enough energy at the beginning to cause significant impact 
ionization, leading to a dominance of trapped holes in the oxide during the first stage of 
CCS, although trapped electrons subsequently regain dominance. Since the electron trap-
ping model does not account for trapped holes and is solely based on trapped electrons, 
it is not applicable in the CCS range where trapped holes also play a role. This explanation 
is corroborated by the trends observed in Figure 7, where under CCS values up to 3.43 µA, 
the 𝑉 curves consistently show an increasing trend due to electron trapping in the oxide 
throughout the entire stress to breakdown. In contrast, under CCS values exceeding 3.43 
µA, the 𝑉 curves initially show a decreasing trend due to hole trapping in the oxide, 
followed by a dominance of electron trapping leading to an increasing trend up to break-
down, and the initial decrease in the 𝑉 curves becomes more pronounced as CCS in-
creases beyond 3.43 µA. In summary, it can be concluded that Liang and Hu’s electron 
trapping model, established for very thin (no more than 10 nm) thermally grown SiO2 on 
Si, is equally applicable to thicker (up to 45 nm in this work) SiO2 thermally grown on SiC. 
This finding will aid in developing a 𝑄 model for the commercial SiC DUTs. 

 

Figure 9. 𝑔 extracted from the measured data at 150 °C under each CCS fitted by a linear 𝐼 
model. 
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Therefore, the mathematical expression of ∆VgBD as a function of I can be summa-
rized as the combination of Equations (13), (14), and (17). The curve of the mathematical
expression is displayed in Figure 10 as model-based ∆VgBD. Additionally, ∆VgBD for DUTs
under each CCS can be obtained from Figure 7 by subtracting the initial Vg from Vg at the
point of gate oxide breakdown, which is also reflected in Figure 10. It is observed that
the measured ∆VgBD under all CCS values not exceeding 3.43 µA highly coincides with
the curve of model-based ∆VgBD as a function of I. However, as CCS gradually exceeds
3.43 µA, the measured ∆VgBD starts to fall below the model expectation. This discrepancy
arises because, under CCS not exceeding 3.43 µA, the electron tunneling mechanism is
predominantly thermally assisted tunneling (TAT), with the oxide’s trapped charge mainly
consisting of electrons, making the electron trapping model applicable in this range. The
tunneling electrons lack sufficient energy to trigger enough impact ionization, thus prevent-
ing trapped holes induced by anode hole injection (AHI) from dominating over trapped
electrons. In contrast, when CCS exceeds 3.43 µA, the electron tunneling mechanism shifts
more toward Fowler–Nordheim tunneling (FNT). In this regime, the tunneling electrons
possess enough energy at the beginning to cause significant impact ionization, leading to a
dominance of trapped holes in the oxide during the first stage of CCS, although trapped
electrons subsequently regain dominance. Since the electron trapping model does not
account for trapped holes and is solely based on trapped electrons, it is not applicable in
the CCS range where trapped holes also play a role. This explanation is corroborated by
the trends observed in Figure 7, where under CCS values up to 3.43 µA, the Vg curves
consistently show an increasing trend due to electron trapping in the oxide throughout
the entire stress to breakdown. In contrast, under CCS values exceeding 3.43 µA, the Vg
curves initially show a decreasing trend due to hole trapping in the oxide, followed by
a dominance of electron trapping leading to an increasing trend up to breakdown, and
the initial decrease in the Vg curves becomes more pronounced as CCS increases beyond
3.43 µA. In summary, it can be concluded that Liang and Hu’s electron trapping model,
established for very thin (no more than 10 nm) thermally grown SiO2 on Si, is equally
applicable to thicker (up to 45 nm in this work) SiO2 thermally grown on SiC. This finding
will aid in developing a QBD model for the commercial SiC DUTs.
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3.2. Modeling of QBD in Commercial SiC DUTs

The Vg curves measured in Figure 11 show that the oxide breakdown points of the Vg
curves under all CCS values follow a linear tBD model on a log–log scale. The mathematical
expression for this linear tBD model can be represented as follows:

log VgBD =− 0.0242 · log tBD + 1.7448 (18)

If the segment of the Igss curves for DUTs in Figure 1, ranging from approximately
21 nA to 1.2 mA, is extracted as the current stress operating region, the corresponding
Vg range is approximately 33 to 48 V. By adding ∆VgBD, extracted using its mathematical
expression from the current stress operating region, to Vg corresponding to this region,
the VgBD from this region is obtained and then plotted on a log-log scale in Figure 12 for
comparison with the linear tBD model from Figure 11 represented by the black dashed line.
It is observed that there is a distinct demarcation in the current stress operating region. To
the left of this demarcation point, the extracted VgBD is overestimated due to hole trapping,
while to the right, the extracted VgBD starts to perfectly match the linear relationship of VgBD
measured in DUTs. This strongly validates the feasibility of the mathematical expression for
∆VgBD established for the thermally grown gate oxide in commercial SiC DUTs in previous
works. It also confirms that tBD under CCS for DUTs, following a 1/I model, is correct and
theoretically founded. Therefore, based on Equations (6) and (15), the mathematical model
for the QBD of gate oxide in DUTs under CCS can be established and expressed as follows:

QBD(I) = 0.071 · I−0.017·C (19)
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the linear tBD model.

From Equation (19), it can be observed that the power exponent of 1/I is 0.017, which
approaches zero, causing the power in the expression to be minimally influenced by I and
tending toward 1. Consequently, this makes the QBD(I) for DUTs approach a constant
value of 0.071 C, with the influence of I being almost negligible. This is consistent with the
failure mechanism of charge-driven breakdown, theoretically supporting the notion that the
failure mechanism of thermally grown SiO2 on SiC under CCS is charge-driven breakdown.

3.3. Extraction of QBD in Commercial SiC DUTs under CVS and PVS

From Section 3.2, the QBD model for the gate oxide of DUTs in this work has been
established. However, this model has limitations as it is based on the condition of CCS as
the stress method for the gate oxide of DUTs. To prove the universality of the model and
eliminate the limitations, it is necessary to expand the stress method for the gate oxide of
DUTs. CVS, a routine stress method used in the industry for the TDDB test of thermal oxide
in commercial SiC power devices, is considered. Additionally, PVS, which more closely
replicates the dynamic stress experienced by the thermal oxide in actual operations of
commercial SiC power devices, is also taken into account. Figures 13a and 13b respectively
show Igss over stress time until the oxide breakdown at 150 ◦C for DUTs under various
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CVS and PVS, with different CVS and PVS scenarios also detailed in the figures. Following
Equation (6), QBD values for DUTs under these two stress methods are extracted and
presented in Figure 14. As for the QBD values for DUTs under CCS, they can be easily
extracted through the product of constant I and tBD, depicted in Figure 14 as well. For
comparison, the mathematical-model-based QBD under CCS is also displayed in Figure 14.
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4. Discussion

From Figure 14, it can be observed that at 150 ◦C, CVS and PVS correspond to each
other through the electric field stress applied on the gate oxide of DUTs. According to the
details in Figure 13 for CVS and PVS scenarios, the difference lies in that under CVS, the
gate oxide of DUTs is subjected to a continuous electric field stress until the gate oxide
breakdown, whereas under PVS, the same electric field stress applied to the gate oxide of
DUTs is a pulsed stress with a frequency of 10 kHz and a duty cycle of 50% until the gate
oxide breakdown. The electric field stress applied to the gate oxide is roughly estimated by
the ratio of the positive voltage applied to the gate and the gate oxide thickness. Under
CCS, the gates of DUTs are subjected to a continuous current stress towards the gate oxide
until its breakdown, and CCS corresponds to the electric field stress on the gate oxide under
Vg associated with the current stress in Figure 1, further corresponding to CVS and PVS.
The QBD values of gate oxide in DUTs extracted under the three different stress methods
are distributed in the figure according to the above correspondence and are compared
with the model-based QBD extracted from the QBD model of thermal gate oxide in DUTs
established under CCS. It is significantly observed that the QBD values of thermal gate
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oxide in DUTs extracted under the three stress methods conform to the model expectation.
The slight differences in the extracted QBD data fall within the error margin caused by
individual differences among the DUTs, which is acceptable and can be almost neglected.

5. Conclusions

In this work, the mathematical model established for describing the electron trapping
phenomenon in thermal oxide grown on Si, intended for very thin SiO2, is considered for
transplantation to the gate oxide of commercial SiC power MOSFETs, which is thermally
grown on SiC. Given that the mathematical model was initially proven to be applicable
only for SiO2 grown on Si with a thickness not exceeding 10 nm, its applicability to SiO2
thermally grown on SiC, which is approximately 4–5 times thicker in commercial SiC power
MOSFETs, is worth discussing. Based on the CCS-TDDB data of the commercial SiC DUTs
featuring approximately 45 nm thick sections of thermal gate oxide, the feasibility of this
electron trapping model, under conditions where the oxide charge trapping mechanism
is predominantly governed by electron trapping, is confirmed in the commercial SiC
cases. Following this model, a QBD model for the thermal gate oxide of commercial
SiC DUTs under CCS is established in this work. Apart from the CCS-TDDB test, the
CVS-TDDB and PVS-TDDB tests are also conducted on these DUTs. The QBD values of
thermal gate oxide in DUTs are extracted from the TDDB data under the three different
stress methods through the integral of Igss over stress time, and are compared with the
established QBD model. The results demonstrate that the measured QBD values align
with the model expectation, indicating that QBD, as a characteristic value of the quality
of thermal oxide grown on SiC, remains stable and unaffected by the stressors. This is
consistent with and confirms the expectation that the failure mechanism of thermal oxide
grown on SiC is charge-driven breakdown. This provides a solid theoretical foundation for
establishing a new, more accurate lifetime prediction model based on QBD for commercial
SiC power MOSFETs with thermal gate oxide. Additionally, since QBD is not affected by the
stressors and considering the reduced efficiency in extracting QBD due to the suppression
effect of trapped electrons on Igss under CVS, CCS is recommended as a faster and more
accurate method for extracting QBD in the industry, compared with the conventional CVS,
for establishing lifetime prediction models based on QBD for SiC power MOSFETs with
thermal gate oxide.
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Abstract: The channel conduction in 4H-SiC metal–oxide–semiconductor field effect transistors
(MOSFETs) are highly impacted by charge trapping and scattering at the interface. Even though
nitridation reduces the interface trap density, scattering still plays a crucial role in increasing the
channel resistance in these transistors. In this work, the dominant scattering mechanisms are distin-
guished for inversion layer electrons and holes using temperature and body-bias-dependent Hall
measurements on nitrided lateral 4H-SiC MOSFETs. The effect of the transverse electric field (Ee f f )
on carrier mobility is analyzed under strong inversion condition where surface roughness scattering
becomes prevalent. Power law dependencies of the electron and hole Hall mobility for surface
roughness scattering are determined to be E−1.8

e f f and E−2.4
e f f , respectively, analogous to those of silicon

MOSFETs. Moreover, for n-channel MOSFETs, the effect of phonon scattering is observed at zero body
bias, whereas in p-channel MOSFETs, it is observed only under negative body biases. Along with
the identification of regimes governed by different scattering mechanisms, these results highlight
the importance of the selection of substrate doping and of Ee f f in controlling the value of channel
mobility in 4H-SiC MOSFETs.

Keywords: 4H-SiC MOSFET; nitridation; scattering; Hall measurements; body bias; transverse
electric field

1. Introduction

Silicon carbide (4H-SiC) is one of the primary wide-band-gap semiconductors for high
power and harsh environment applications because of its physical properties, such as a
high critical electric field and high thermal conductivity [1]. Discrete 4H-SiC diodes and
metal–oxide–semiconductor field effect transistors (MOSFETs) are being widely adopted
for high voltage power conversion in hybrid/electric vehicles [2], solar and wind energy
generation [3], and various high temperature applications [4], enabling significant ad-
vances for next-generation energy efficient power systems. Moreover, 4H-SiC is a unique
candidate for the development of an integrated circuit (IC) technology that is still in its
infancy. 4H-SiC IC technology operating at very high temperatures >300 ◦C [5,6] is very
attractive, as it enables operation in environments and ambientes that are not accessible to
conventional silicon or silicon on insulator (SOI) platforms [7,8]. Lateral complementary
metal–oxide–semiconductor (CMOS) IC technology in 4H-SiC is desirable for the fabri-
cation of large-scale integration devices due to its high noise immunity and low static
power consumption [9]. To be materialized, such technology demands both n- and p-
channel MOSFETs capable of operating at high-temperatures. While n-channel MOSFETs
have reached a suitable degree of maturity through the nitridation of the SiO2/4H-SiC
interface [10–12], mechanisms governing electrical transport in their p-channel counter-
parts must be investigated to reach comparable levels of development in terms of channel
conductivity and device stability.

Recent studies [10,13] on 4H-SiC MOSFETs use field-effect mobility models to analyze
channel transport. Additionally, research by Mikami et al. [13] explored the importance of
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body bias and explained how a body bias experiment can provide predictions of transistor
characteristics for MOSFETs made with higher or lower substrate doping using field effect
mobility on the weak inversion region. However, the channel scattering mechanisms for
p-channel 4H-SiC MOSFET remain unexplored using Hall analysis. Hall mobility is more
accurate than field effect mobility, as the carrier concentration is measured independently
and does not get affected by trapped charges. A comprehensive study for both kinds of
carriers will enable control of the operation region and the preferable substrate doping
concentrations for high-temperature IC design. To this end, the channel mobility of nitric
oxide (NO)-annealed n- and p-channel 4H-SiC MOSFETs in the strong inversion regime
was characterized using Hall measurements. Measurements were performed using the
body-bias technique, which allows variation of the effective electric field (Ee f f ) in the
channel [13,14]. This approach allows one to differentiate and establish the dominant
scattering mechanisms limiting carrier transport, in different carrier density and substrate
doping regimes. The power law that governs the relation between µHall and Ee f f was
determined for both electrons and holes in the surface-roughness-scattering-dominant
regime. In addition, it is demonstrated that a combination of temperature and body bias
enables observation of the dominant mechanisms transitioning from surface roughness to
phonon scattering.

2. Materials and Methods
2.1. Fundamentals on Channel-Transverse Electric Fields and Mobility

The channel’s resistance depends on the channel’s inversion-carrier concentration
and its mobility (µHall), which are related to the atomic-scale composition, structure, and
defects at the SiO2/4H-SiC interface. The mobile carrier’s concentration is reduced by traps
at electrically-active defect sites, and the channel’s mobility is degraded by the interfacial
scattering processes. When the MOSFFET is on, the dominant scattering mechanisms at a
SiO2/4H-SiC interface that limits µHall are: (i) Coulomb scattering occurring due to trapped
charges present at or near the interface oxide and from ionized impurities in the depletion
region close to the channel; (ii) phonon scattering occurring due to the interaction of the
carriers with lattice vibration in the channel and the surface; and (iii) surface roughness
due to imperfections of the 4H-SiC interface [15–17]. The resulting carrier mobility is given
by Matthiesen’s rule [18]:

1
µHall

=
1

µC
+

1
µph

+
1

µSR
(1)

Here, µC, µph, and µSR are the Coulomb, phonon, and surface roughness scattering
limited mobilities, respectively.

On Si MOSFETs [19,20], earlier studies suggest that the transverse electric field Ee f f is
an important parameter for influencing scattering in the channel. The magnitude of Ee f f
can be obtained as [19],

Ee f f =
1
ε

(√
2NAqε.(2φB ± VBS) + ηqns

)
(2)

The first term in Equation (2) represents the amount of depletion charge, and the sec-
ond term stands for the induced inversion layer charge excluding trapped charges. Here the
“+” sign is applicable for n-channel MOSFETs and the “−“ sign is for p-channel MOSFETs.
A schematic diagram of these two charge distributions is shown in the left panel of Figure 1.
In Equation (2), η is a constant with a value of 0.5 for n-channel and 0.33 for p-channel Si
MOSFETs at 27 ◦C [19–22], which are considered the same for 4H-SiC [13,14,23,24], but this
choice does not affect the results and may need further studies in a wider effective field
range. ε is the dielectric constant, q is the electron charge, ns is the free carrier concentration,
and NA is the p-well substrate doping concentration for n-channel MOSFETs. VBS is the
substrate or body to source bias. φB = KT

q ln NA
ni

is the bulk potential. K is the Boltzmann
constant and ni denotes the temperature-dependent intrinsic carrier concentration. Note,
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for p-channel MOSFET, the n-well substrate doping concentration is denoted by ND. Appli-
cation of body/substrate bias acts as a separate knob to control the depletion width without
affecting the channel carrier concentration. A variation of channel electric field to study
its effect on the conduction and the effects of substrate doping concentration is possible
through VBS.

Figure 1. (left) Schematic diagram of lateral n-channel Hall MOSFET with the transverse electric field
Ee f f shown, which depends on space charge and inversion charge in the channel at a gate voltage
higher than the threshold voltage. (right) Top view of a schematic of the fabricated Hall bar MOSFET.
Vh1, Vh2, Vh3, and Vh4 represent the Hall voltage terminals.

2.2. Experimental Methods

Hall bar MOSFETs with a channel length of 600 µm and a channel width of 60 µm
were fabricated on a 4◦ off-axis (0001), Si-face oriented 4H-SiC substrate with a p-type
epilayer (NA − ND = 6 × 1015 cm−3) for n-channel MOSFETs and an n-type epilayer
(ND − NA = 6.2 × 1015 cm−3) for p-channel MOSFETs. Additional to the Hall bar MOS-
FETs, T-gated MOSFETs were also present in the chip with a 200 µm × 200 µm channel
(width, length). The cross-sectional schematic of the Hall bar device is shown in Figure 1
(left). A nominally uniform doping profile was created using nitrogen and aluminum ion
implantations at 700 ◦C to form n+ and p+ layers on the MOSFETs, respectively, to form
source, drain and body contacts. The implanted layers were then activated by annealing at
1650 ◦C for 30 min in flowing Ar with a graphitic cap to protect the surface. After removal
of the cap, gate oxidation was carried out at 1150 ◦C for 10 h followed by post oxidation
annealing at 1175 ◦C for 2 h in NO. The thickness of the gate oxide was measured to be
about ~60 nm and 55 nm by the capacitance voltage method (CV) for n- and p-channel
MOSFETs, respectively. Contact photolithography and reactive ion etching were carried
out to remove the oxide from the source/drain/body (S/D/B) regions and Hall voltage
(Vh) terminals. For n-channel MOSFET, Al was evaporated for all the contacts and annealed
at 800 ◦C for 30 min in flowing Ar. On the other hand, for p-channel MOSFET, Ti was
sputtered and lifted off to define the S/D/B/Vh contacts, as shown in Figure 1 (right),
following which annealing at 1000 ◦C for 2 min was performed in flowing Ar to form ohmic
contacts. Subsequently, aluminum (55 nm) was thermally evaporated as the gate metal and
patterned using lift-off. An overlayer of Au/Cr was sputtered on all the contacts of both
kinds of MOSFETs. Finally, the Hall bar MOSFET was mounted on a ceramic chip with
epoxy and wire bonded to gold pads on the chip.

3. Results and Discussions
3.1. Classification of the Dominant Scattering Mechanisms

After fabrication of the 4H-SiC MOSFETs, transfer characteristics were obtained at
various temperatures. The temperature for the n-channel MOSFETs was varied from 77 to
373 K. For the p-channel MOSFETs, on the other hand, the temperature was raised above
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room temperature (300 K) until 573 K. The absolute value of threshold voltage became
smaller at higher temperatures, as shown in Figure 2. This is associated with the reduction
of occupied interface trap densities (Dit) at higher temperatures [25]. In addition, the field
effect mobility for electrons (µ f e, n) was observed to increase from 77 to 296 K. For the
p-channel MOSFET, the field effect mobility of holes was observed to be weakly dependent
on temperature under strong inversion.

Figure 2. Field effect mobility of electrons and holes versus gate voltage at different temperatures for n-
and p-channel 4H-SiC MOSFETs. For n-channel MOSFETs, channel width/length was 60 µm/600 µm,
oxide thickness was 60 nm, Vds was set to 0.4 V, and temperature was varied from 77 to 373 K. For
p-channel MOSFETs, channel width/length was 200 µm/200 µm, oxide thickness was 55 nm, Vds

was set to 0.1 V, and temperature was varied from 300 to 573 K.

To confirm the dominant scattering mechanisms in these devices, Hall measurements
were carried out under a perpendicular magnetic field of 0.6 T. At a high gate voltage
overdrive, the Hall and field effect mobilities merge, and at low and intermediate gate
voltages, field effect mobilities are lower than Hall mobilities due to the presence of trapped
charges (see supplementary material). Figure 3 shows µHall versus carrier concentration
curves at different temperatures and at zero body bias for electrons and holes in n- and
p-channel 4H-SiC MOSFETs. To obtain µHall versus carrier concentration plot, the gate to
source voltage Vg was varied from +2 to +10 V for n-channel and −6 to −20 V for p-channel
MOSFETs at constant drain to source voltage VDS = 0.75 V. The threshold voltage was
found to be +5 V for electrons (at 293 K) and −10 V for holes (300 K), based on linear
extrapolation of the ID–VG characteristics (Figure 2). For n-channel MOSFETs, Hall mobility
above room temperature drops. An increase in mobility from 77 to 293 K is a signature of
prevalent Coulomb scattering, whereas above 293 K, mobility decreases with increasing
temperature when phonon scattering is dominant. Therefore, for electrons, transport is
limited by Coulomb and phonon scattering. From the trend of the experimental results in
figure in Section 3.3 and other published results [23,26], electron mobility will reduce below
77 K due to increased Coulomb scattering. Above 373 K, mobility would also decrease, but
due to increased phonon scattering. The presence of surface roughness scattering at higher
concentration can also be observed in earlier reports [14]. Conversely, for holes in p-channel
MOSFET, Hall mobility is seen to increase at lower carrier concentration (for approximately
ps < 6 × 1011 cm−2 at 300 K), signifying dominant Coulomb scattering, and becomes inde-
pendent of temperature at approximately ps = 1012 cm−2 (see supplementary materials).
Temperature-independent mobility is a sign of surface roughness scattering. Therefore,
hole mobility in 4H-SiC p-channel MOSFET is limited by Coulomb scattering at weak
inversion and dominant surface roughness scattering at strong inversion.
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Figure 3. Typical Hall mobility as a function of carrier concentration at different temperatures for n- and
p-channel MOSFETs with channel width 60 µm and channel length 600 µm for both kinds of Hall bar
MOSFET, and Vds was set to 0.75 V.

After distinguishing the dominant scattering mechanisms in these devices, Hall mea-
surements were carried out under the effect of body bias (VBS) so that the Hall mobility
(µHall) can be studied as a function of transverse electric field

(
Ee f f

)
in the strong inversion

regime. Recent studies [13,14] observed the effect of transverse electric field on mobility in
the strong inversion regime maintaining a fixed carrier concentration. A constant carrier
concentration realizes fixed screening from scattering centers and enables the assessment
of the sole effect of surface roughness scattering on mobility.

3.2. Analysis of Surface Roughness Scattering Using Body Bias Measurements

First, to confirm the body bias effect on each transistor, a transfer characteristic at
different body bias levels was measured, as shown in Figure 4. The threshold voltages (Vth)
at 300 K and VBS = 0 were approximately +4 V and −10 V for n- and p-channel MOSFETs
respectively, based on linear extrapolation of the ID–VG characteristics. It can be observed
that the threshold voltage increases as the VBS goes from forward to reverse bias for both
types of MOSFETs.

Figure 4. Transfer characteristics at room temperature (300 K) for different body biases (VBS) for n- and
p-channel MOSFETs. Id–Vg sweeps were taken at a constant drain-to-source voltage (0.75 V). A change
in Vth can be observed due to the modulation of the depletion layer width at the body to source junction
with the application of body bias. Note that the y-axis scales are different for the two kinds of MOSFETs.
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A positive increment in the VBS widens the depletion layer between the source and
the body junction, thereby requiring a higher gate voltage to achieve same level of drain
current (Id) as in lower VBS. The plot of µHall as a function of carrier concentration in
the strong inversion region for different body biases is shown in Figure 5. An increase in
reverse body bias increases the magnitude of the transverse electric field (Equation (2))
and pushes the carriers closer to the surface, making the channel width thinner (~1 nm) at
strong inversion.

Figure 5. Hall mobility as a function of channel carrier concentration at different body biases at 27 ◦C.
The body bias was varied from +1 to −3 V for n-channel MOSFETs and −1 to +5 V for p-channel
MOSFETs; the gate bias VGS was swept to modulate the carrier concentrations under a fixed body
bias. A forward body bias value decreases the depletion layer width between source and body,
increasing mobility, and at reverse body bias, Eeff increases due to expansion of depletion layer, which
in turn decreases the channel mobility.

Hence, at a high gate voltage, when mobile holes are closer to the surface, surface
roughness scattering becomes even more prevalent through the influence of the varying
perturbed potential energy [15]. This is attributed to charge carrier wave functions becom-
ing more susceptible to the fluctuating perturbation near the interface stemming from the
crystal miscut (4◦ off axis substrate) and nano-steps/roughness. As a result, an increased
Ee f f lowers the value of µHall . Conversely, a negative body bias decreases the value of Ee f f ,
which widens the channel region and lessens the impact of the surface roughness scattering.

These results were used to extract the functional dependence of µHall at a fixed carrier
concentration to analyze surface roughness scattering under constant screening. For this
purpose, using Equation (2), ns and ps were converted to Ee f f for each VBS above 0 V
in the strong inversion regime. Next, µHall was extracted at fixed carrier concentrations
(1.0 × 1012, 1.5 × 1012, 2.0 × 1012 and 2.5 × 1012 cm−2) and plotted against Ee f f , as shown
in Figure 6. The values of VBS were chosen above zero volts, where the surface roughness
becomes the dominant mechanism and there is a minimal contribution from phonon
scattering. The curves have been fit using a power law function of Ee f f , yielding exponents
of (−1.8 ± 0.2) and (−2.4 ± 0.3) for channel electrons and holes in 4H-SiC n- and p-channel
MOSFETs, respectively. These values are close to those found earlier for surface roughness
scattering in Si MOSFETs [20], suggesting that at high Ee f f , surface imperfections have a
similar effect on channel carriers in 4H-SiC as in Si MOSFETs. However, differently from Si,
where µHall versus Ee f f curves merge with each other when surface roughness scattering
becomes the dominant regime, this universal behavior is not visible for 4H-SiC in Figure 6.
This is consistent with earlier studies on 4H-SiC n-channel MOSFETs [14,23,24,27,28].
Perhaps for a single 4H-SiC MOSFET, the measurable range of Ee f f is not large enough
before the breakdown of the gate dielectric to observe the merging of µHall at higher
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Ee f f , and a larger range of measurements using devices with different substrate doping is
necessary, as reported in [24].

Figure 6. Transverse electric field (Eeff) dependence of Hall mobility (µHall) at different body biases
(−1, −2, and −3 V for n-channel and 0, +1, +3, +5, and +7 V for p-channel) at room temperature
(27 ◦C) for different carrier concentrations (1.0 × 1012, 1.5 × 1012, 2.0 × 1012, and 2.5 × 1012 cm−2),
in log–log scale. The different Eeff points for a particular curve were obtained from different body
biases at a fixed carrier concentration from Figure 5. The average power law that µHall follows on
Ee f f is (−1.8 ± 0.2) for n-channel MOSFETs and (−2.4 ± 0.3) for p-channel MOSFETs, providing the
power of Ee f f for surface roughness scattering for electrons and holes in 4H-SiC MOSFETs. Error
bars signify ~5% error estimated based on variation in at least 3 measurements.

3.3. Phonon-Scattering-Limited Mobility

For n-channel MOSFETs, dropping mobility was observed above room temperature
at zero body bias, which signifies the dominance of phonon-scattering-limited mobility,
as seen in Figure 7. This fact is consistent with recent work [23] which reported that
phonon-scattering-limited mobility can be observed for n-channel MOSFETs fabricated
on lightly doped (. 5 × 1015 cm−3) p-type epitaxial layers. However, for p-channel
MOSFETs, phonon-scattering-limited mobility was absent at zero body bias in the measured
temperature range. In this case, phonon scattering was visible only when the source to
body junction was kept at a forward bias (VBS < 0). Then, the power law-dependence of
the µHall on Ee f f was observed to give an exponent of −0.32 (see supplementary materials).
A power law of E−1/3

e f f is an indication of phonon scattering [20,23]. In our study, a negative
body bias was used to replicate a lightly doped n-type substrate through the “effective
doping concentration” [14] of the n-well ND,e f f , given by:

ND,e f f = ND

(
1 +

VBS
2φB

)
. (3)

At a body bias VBS = −1.3 V and a fixed ps = 1012 cm−2, a low value of ND,e f f

(approximately 3 × 1015 cm−3) can be maintained in the 300 to 498 K (27 ◦C to 225 ◦C)
temperature range. Figure 7 shows that µHall increases from room temperature to 398 K
due to Coulomb scattering, after which it decreases owing to the dominance of phonon
scattering following a power law of T−0.9.
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Figure 7. Hall mobility (µHall) versus temperature T for different body biases is plotted for a
fixed ns /or ps = 1012 cm−2. For n-channel MOSFET, Coulomb scattering is dominant below RT;
above RT phonon scattering can be observed at zero body bias. However, for p-channel MOSFETs,
µHall is limited by a combined effect of Coulomb and surface roughness scattering, VBS = 0 V. For
VBS = −1.3 V, µHall increases linearly until 398 K (125 ◦C) due to Coulomb scattering. At higher
temperatures, phonon scattering dominates and µHall decreases with temperature as T−0.9. Error
bars signify variation in in at least 3 measurements.

The power of T found here is near to the theoretical value of T−1 [29]. Under negative
VBS, the channel is thick enough to interact with the n-well lattice vibrations at T > 398 K,
and the hole mobility is limited by phonon scattering. This is consistent with n-channel
4H-SiC MOSFETs fabricated on lightly doped substrates, where phonon-scattering-limited
mobility at low Ee f f or ND,e f f can be observed [23]. Conversely, for VBS = 0 V, channel
thickness is comparatively thinner than at VBS = −1.3 V. In this case, no photon-limited
scattering is observable, but µHall is limited by the cumulative effect of Coulomb and
surface roughness scattering. As a result, µHall increases slightly at higher temperatures.

4. Conclusions

In conclusion, the dominant scattering mechanisms in n- and p- 4H-SiC MOSFET
channels were distinguished using Hall measurements. Electron mobility in n-channel
MOSFET is limited by Coulomb scattering in weak inversion and a combination of phonon
and surface roughness scattering in the strong inversion region. On the other hand, hole
mobility in p-channel MOSFETs is limited primarily by Coulomb and surface roughness
scattering. Body-bias- and temperature-dependent Hall measurements were performed
and analyzed under strong inversion to study mobility in terms of effective transvers
electric field (Ee f f ). As body bias is increased, a higher value of Ee f f confines the mobile
carriers near the 4H-SiC/SiO2 interface, resulting in surface-roughness-scattering-limited
mobility. A changing body bias was applied to determine the power-law dependence of
channel electron and hole mobility on the Ee f f for surface roughness scattering in 4H-SiC
as E−1.8

e f f and E−2.4
e f f , respectively. Furthermore, with the application of negative VBS, the

depletion layer between the source and body contact decreases, and the resulting low
Ee f f leads to higher mobility at a given gate bias. For p-channel MOSFET, at a forward
VBS (−1.3 V at 398 K), the channel is thick enough to interact with the n-well lattice
vibration, giving rise to a phonon-scattering-limited hole mobility. Therefore, at low
negative VBS, the channel conduction behaves like a MOSFET with a lightly doped substrate.
These new findings emphasize the significance of substrate doping selection for 4H-SiC
MOSFETs. Additionally, for the development of highly efficient 4H-SiC CMOS devices for
high temperature operation, the three types of scattering processes identified here must be
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considered to depend on the value of the transverse electric field in the channel and the
operating temperature.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ma15196736/s1. Figure S1: Field effect versus Hall mobility.
Figure S2: Surface roughness scattering at a high hole concentration. Figure S3: Hole mobility versus
transverse electric field for different body biases at room temperature.
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Abstract: 650 V SiC planar MOSFETs with various JFET widths, JFET doping concentrations, and
gate oxide thicknesses were fabricated by a commercial SiC foundry on two six-inch SiC epitaxial
wafers. An orthogonal P+ layout was used for the 650 V SiC MOSFETs to reduce the ON-resistance.
The devices were packaged into open-cavity TO-247 packages for evaluation. Trade-off analysis of the
static and dynamic performance of the 650 V SiC power MOSFETs was conducted. The measurement
results show that a short JFET region with an enhanced JFET doping concentration reduces specific
ON-resistance (Ron,sp) and lowers the gate-drain capacitance (Cgd). It was experimentally shown
that a thinner gate oxide further reduces Ron,sp, although with a penalty in terms of increased Cgd. A
design with 0.5 µm half JFET width, enhanced JFET doping concentration of 5.5× 1016 cm−3, and
thin gate oxide produces an excellent high-frequency figure of merit (HF-FOM) among recently
published studies on 650 V SiC devices.

Keywords: SiC power MOSFET; JFET width; JFET doping concentration; gate oxide thickness;
orthogonal P+ layout; gate-drain capacitance; high-frequency figure-of-merit (HF-FOM)

1. Introduction

Silicon carbide (SiC) power Metal-Oxide-Semiconductor Field-Effect Transistors (MOS-
FETs) have been commercialized in a wide range of voltage ratings from 600 V to 1700 V.
The launch of 650 V SiC MOSFETs addresses the lower voltage applications, which have
traditionally been dominated by Si devices. SiC power MOSFETs outperform Si devices in
low switching loss, high switching frequency, low ON-resistance (Ron), and high tempera-
ture operations [1–3]. Hence, designing SiC power MOSFETs with lower Ron and superior
switching performance needs to be studied in detail.

JFET region design, including the JFET width and doping concentration, plays a crucial
role in optimizing the Ron and switching performance of SiC MOSFETs [4]. Studies of JFET
region design for 1 kV and 1.2 kV SiC MOSFETs [5,6] have demonstrated that optimizing JFET
width and enhancing the doping concentration of the JFET region can reduce the JFET region
resistance and lead to smaller Ron of SiC power MOSFETs. In addition, JFET region design
affects the gate-drain capacitance (Cgd); Cgd determines the switching performance of 650 V
SiC MOSFETs, primarily due to the well-known Miller effect [7]. The product of Cgd and Ron
is referred to as the high-frequency figure of merit (HF-FOM) [8]. A lower HF-FOM implies
better high-frequency switching performance for devices. Sung and Baliga have reported that
a narrow JFET width with a high JFET doping concentration decreases Cgd and improves
HF-FOM [9]. The gate-source and the drain-source capacitances, Cgs and Cds, respectively, are
affected by JFET width variation through the pitch of the cell, while Cgs and Cds contribute to
the switching loss of SiC power MOSFETs [10].

Gate oxide thickness plays a role in the static and dynamic performance of SiC MOS-
FETs. As an example, a 27 nm gate oxide was used for 650 V SiC power MOSFETs by
Agarwal et al. [11,12], resulting a 1.7× better specific ON-resistance (Ron,sp) compared
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Materials 2022, 15, 5995

to MOSFETs with a 55 nm gate oxide. Under a certain operation gate voltage, a thin-
ner gate oxide decreases Ron,sp by reducing the channel resistance. However, a thin gate
oxide increases the gate oxide capacitance (Cox), and hence increases Cgd and Cgs. In
addition, a thin gate oxide raises gate oxide reliability issues when sustaining high gate
oxide fields [13].

In this work, the authors analyze the performance trade-offs, including threshold
voltage (Vth), Ron,sp, breakdown voltage (BV), and parasitic capacitances for 650 V SiC
MOSFETs with different JFET widths, JFET doping concentrations, and gate oxide thick-
nesses. The 650 V SiC power MOSFETs were fabricated on two six-inch SiC epitaxial wafers
by a commercial foundry. The design details and fabrication information are presented in
Section 2. The preliminary wafer-level characterizations have been published in [14]. The
fabricated devices were packaged for static and dynamic measurements. The experimental
methods are explained in Section 3. In Section 4, the experimental results are presented
and discussed. Section 5 provides further analysis of the performance trade-offs for the
650 V SiC MOSFETs.

2. Device Design and Fabrication

The layout design of a 650 V SiC MOSFET is shown in Figure 1a. The layout is in
a stripe pattern, with square P+ regions located periodically in the center of the P-well
stripe. The orthogonal P+ layout reduces the Ron of the MOSFETs by reducing the cell
pitch compared to the traditional linear striped P+ layout. The cross-section along the
A-A′ cutline is shown in Figure 1b. The half-cell pitch consists of P+ width (1 µm), N+

source width (1.1 µm), channel length (0.5 µm), and half JFET width ( 1
2 WJFET). The spacing

between the source contact and polysilicon gate is 0.7 µm. The ohmic contact width is
1 µm. The cross-section along B-B′ (Figure 1c) shows the layout with only N+ source.
The extended N+ source replaces the P+ in the A-A′ half-cell pitch and produces a total
N+ source width of 2.1 µm. Four devices with different half-JFET widths were designed
( 1

2 WJFET = 0.4, 0.5, 0.6, and 0.75 µm).
Twenty-two P+ guard rings were used as the edge termination for all layouts. Each

guard ring had a width of 2 µm. A cross-sectional view of the edge termination is shown in
Figure 1d. The edge termination can be divided into four sections. The spacing for each
section is illustrated in Figure 1d; spacing was identical in each section. The total length of
the edge termination was 77.6 µm.

Different JFET doping concentrations (NJFET) and gate oxide thicknesses (tox) were
utilized during the fabrication of the devices. The devices were fabricated on two six-
inch 4H-SiC wafers (wafer 1 and wafer 2) with n-type epitaxial layers on N+ substrates.
The substrates were thinned to reduce the resistance. The epitaxial layer was doped
with nitrogen with a doping concentration of 2× 1016 cm−3. Ion implantation of nitrogen
was used to form the JFET region and N+ source; NJFET = 4× 1016 cm−3 and NJFET =
5.5× 1016 cm−3 were used for wafers 1 and 2, respectively. Aluminum ions were implanted
to form the P-well and P+ region. The gate oxide was grown after the implantation
and activation annealing processes. The gate oxide thicknesses on wafers 1 and 2 are
represented as tox1 (36∼44 nm) and tox2 (32∼38 nm), respectively; tox2 is 12.5% less than
tox1. Details of the gate oxide thicknesses have been discussed previously in [14]. Self-
alignment technology was utilized to form the MOS channel. Fabrication was completed
following the standard process flow of commercial SiC MOSFETs.

The design parameters and experimental results for all devices are summarized in
Table 1 (Section 5). Figure 2a shows a cross-sectional SEM image (along BB’ in Figure 1c)
of the fabricated 650 V SiC MOSFET ( 1

2 WJFET = 0.6 µm) on wafer 1. Due to the lateral
straggle of Aluminum implantation in the P-well, the narrowest portion of the JFET region
is reduced by 0.2 µm on each side.
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(a) (b) (c)

(d)

Figure 1. (a) Layout design of a SiC power MOSFET with P+ located periodically in the center of
P-well stripe; (b) A-A′ cross-sectional view showing both P+ and N+; (c) B-B′ cross-sectional view
showing extended N+ source; (d) cross-sectional view of the edge termination of the fabricated 650 V
SiC power MOSFETs.

(a) (b)

Figure 2. (a) Cross-sectional SEM image along B-B′ of the fabricated 650 V SiC power MOSFETs with
1
2 WJFET = 0.6 µm and (b) 650 V SiC power MOSFET in a open-cavity TO-247 package.
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3. Experimental Methods
3.1. Device Packaging

The fabricated MOSFETs were diced and packaged into open cavity TO-247 packages,
as shown in Figure 2b. A single 5-mil aluminum wire bond was used for the gate terminal,
while two-wire bonds were attached on the the source area to decrease the parasitic
resistance. Silicone dielectric gel was used to fill the cavity to protect the bare die. Five
copies of each layout design on wafers 1 and 2 were packaged.

3.2. Device Characterization

The static performance of the MOSFETs, including the transfer, output, and blocking
characteristics, were measured with a Keysight B1506A semiconductor parameter analyzer.
We extracted Vth at a drain current of 1 mA from the transfer characteristics tested under a
drain bias of 100 mV. The output characteristics were measured under a gate bias of 20 V,
with the drain voltage swept from 0 to 2 V. We obtained the Ron of the device under test
(DUT) at a drain bias of 1.5 V; BV was obtained from the blocking I-V characteristics at a
current of 100 µA, while Cgd, Cgs, and Cds were measured up to a drain bias of 400 V at a
frequency of 100 kHz using a Keysight B1505A semiconductor parameter analyzer.

4. Device Characteristics and Discussion

The measured device characteristics for the packaged 650 V SiC MOSFETs with differ-
ent designs are illustrated and compared in this section.

4.1. Threshold Voltage

The transfer characteristics for the devices with different 1
2 WJFET on wafer 1 are plotted

in Figure 3a. Typical transfer curves of SiC MOSFETs were obtained from all the DUTs.
The average Vth from the five copies of each design is plotted in Figure 3b. Minimal Vth
variation was observed for wafers 1 and 2 when increasing 1

2 WJFET.
The Vth of the MOSFETs on wafer 2 is ∼0.5 V smaller than wafer 1, as shown in

Figure 3b. The thinner gate oxide contributes to the Vth reduction; here, Vth is defined
as [8]:

Vth = ΦMS +

√
4εSiCkTNAIn(NA/ni)−Qox

Cox
+

2kT
q

ln(
NA

ni
), (1)

where ΦMS is the metal–semiconductor work function difference, εox is the permittivity of
SiC, k and T are the Boltzmann constant and temperature, respectively, ni is the intrinsic
carrier concentration of SiC, q is the electric charge, Qox is the total effective charge in
the oxide (the sum of the fixed and interface charges), and NA is the net p-type doping
concentration at the channel region; Cox is the gate oxide capacitance, which is given as

Cox =
εox

tox
(2)

where εox is the permittivity of oxide. Comparing wafer 2 to wafer 1, higher NJFET reduces
NA by the effect of the counter doping at the surface. Additionally, the thinner gate oxide
of wafer 2 increases Cox. According to (1), the reduced NA at the surface and increased Cox
lead to smaller Vth of the MOSFETs on wafer 2.
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Figure 3. (a) Measured transfer characteristics of the packaged 650 V SiC MOSFETs on wafer 1 and
(b) Vth variation as a function of 1

2 WJFET for MOSFETs on wafers 1 and 2.

4.2. Specific ON-Resistance

Figure 4a shows the output characteristics at a gate bias of 20 V for devices on wafer
1. Drain current increases with a wider JFET region. Figure 4b plots Ron,sp versus 1

2 WJFET

variation. For both wafers 1 and 2, Ron,sp is reduced when increasing 1
2 WJFET because a

larger 1
2 WJFET provides lower JFET region resistance [14]. With the same 1

2 WJFET, Ron,sp
reduction from wafer 1 to wafer 2 is contributed by thinner gate oxide and higher NJFET. A
considerable (1.6×) Ron,sp reduction is observed when 1

2 WJFET rises from 0.4 µm to 0.5 µm
on wafer 1, while the tendency is weaker for wafer 2. These results indicate that thinner
gate oxide and higher NJFET make Ron,sp less susceptible to 1

2 WJFET variation.
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Figure 4. (a) Measured output characteristics of the SiC MOSFETs on wafer 1 and (b) Ron,sp variation
as a function of 1

2 WJFET for MOSFETs on wafers 1 and 2.

4.3. Breakdown Voltage

The blocking characteristics for MOSFETs on wafer 1 are shown in Figure 5a. All DUTs
maintain low leakage currents (∼100 pA) under drain voltage up to 550 V. The drain to
source breakdown of a planar SiC MOSFET is triggered by avalanche breakdown, and
both NJFET and 1

2 WJFET have little effect on the BV determined by avalanche breakdown [5].
Our experimental results (Figure 5b) show that the BV of 650 V SiC MOSFETs is minimally
changed by 1

2 WJFET variation.
A maximum BV of about 780 V is achieved for devices on wafer 1. The BV for MOSFETs

on wafer 2 is ∼640 V. The 18% BV drop from wafer 1 to wafer 2 is mainly caused by the
difference in drift layer doping. The drift layer doping concentrations can be extracted
from the C-V measurement of MOS capacitors on both wafers [15]. The extracted drift
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layer doping concentrations are 1.8× 1016 cm−3 and 2.1× 1016 cm−3 for wafers 1 and 2,
respectively. This difference explains the reduction of BV on wafer 2.

Although BV does not change with 1
2 WJFET variation, a smaller 1

2 WJFET improves
the gate oxide reliability of the MOSFETs by better shielding the gate oxide on the top of
the JFET region from high oxide fields under the blocking condition [14,16]. These high
oxide fields may cause high gate leakage currents, degrade the gate oxide, and reduce
the oxide lifetime [13,17], and can lead to failures during High-Temperature Reverse Bias
(HTRB) testing.
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Figure 5. (a) Measured blocking characteristics of the SiC MOSFETs on wafer 1 and (b) Maximum BV
as a function of 1

2 WJFET for MOSFETs on wafers 1 and 2.

4.4. Device Capacitances

The device capacitances as a function of the applied drain bias for 650 V MOSFETs
on wafer 1 are shown in Figure 6a. As expected, the measured Cgd and Cds are nonlinear
functions of the drain bias, while Cgs stays relatively constant with increasing drain bias.
The extracted Cgd, Cds, and Cgs as function of 1

2 WJFET for the MOSFETs on wafers 1 and 2
are shown in Figure 6b–d, respectively.

When extending 1
2 WJFET, Cgd increases. For a planar SiC MOSFET, Cgd is formed by

the overlap between the gate and drain electrodes. A complete cell cross-section in Figure 7,
illustrating the various device capacitance components. Here, Cgd is composed of Cox and
depletion region capacitance (CSiC,MOS) under the gate oxide; Cgd is defined as follows:

Cgd =
WJFET

Wcell
(

Cox · CSiC,MOS

Cox + CSiC,MOS
) · Aactive. (3)

Equation (3) is based on [8], where Wcell refers to the cell pitch, Aactive represents the
active area of the device, Cox stays constant for the devices with the same tox, and CSiC,MOS
is determined by the depletion layer thickness under the gate oxide, which does not change
for devices with the same NJFET and which sustain a specific drain bias. According to (3),
Cgd increases when increasing WJFET, which agrees with the measured results for both
wafers 1 and 2 in Figure 6b.

Comparing wafer 2 to wafer 1, tox drops by 12.5%. Correspondingly, Cox increases
by 14.3% and leads to Cgd increasing. The enhanced NJFET of wafer 2 affects CSiC,MOS
by changing the thickness and the width of the depletion layer [7,18]. It is challenging
to identify the change of CSiC,MOS quantitatively, as the depletion layer varies with the
gate-drain bias, p-well potential, and doping concentration of the JFET and drift layer [19].
The results in [9] demonstrate that a higher NJFET leads to a higher Cgd. Thus, the overall
outcome from lowering tox and increasing NJFET is the increase of Cgd. The measured Cgd

for MOSFETs on wafer 2 is about 1.4× higher than those of wafer 1 under a given 1
2 WJFET,

as shown in Figure 6b.
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Figure 6. (a) Measured device capacitances vs. drain voltage at 100 kHz of the SiC MOSFETs on
wafer 1, (b) Cgd, (c) Cds, and (d) Cgs variation as a function of 1

2 WJFET for MOSFETs on wafers 1
and 2.

Note that Cgs consists of the overlap capacitance of the gate electrode with source
plus channel region and the parallel capacitance across the gate and source metallization
(CILD) [20]; Cgs in the active area of a 650 V SiC MOSFET is addressed as

Cgs = (
2WGS

Wcell
Cox +

2WGS + WJFET

Wcell
CILD) · Aactive, (4)

where WGS is the total length of the overlap between gate and N+ source and the channel
region and CILD is the inter-layer dielectric capacitance, which stays constant for all the
devices due to the same fabrication process being used for wafers 1 and 2.

Among the designs on the same wafer, increasing WJFET reduces the coefficients of Cox
and CILD in (4) and leads to the increase of Cgs. The measured Cgs verifies the variation for
both wafer 1 and wafer 2 in Figure 6c. For a specific WJFET, a thinner gate oxide increases
Cox, and hence result in a higher Cgs according to (4). This explains the higher Cgs measured
on wafer 2 compared to Cgs on wafer 1.

As Cds is driven by the depletion layer formation at the P-well and drift region
interface, the total Cds in the active area of a 650 V SiC MOSFET is expressed as

Cds =
Wcell −WJFET

Wcell
CJ · Aactive, (5)

where CJ is the junction capacitance per unit area, which is determined by the depletion
layer thickness. All the DUTs in this work have similar doping concentration of the epi-
layer. The bottom of the P-well is heavily doped, meaning that the depletion thickness in
the p-well region can be neglected. Thus, under a particular drain bias, the depletion layer
thickness stays almost the same for all DUTs, which results in similar CJ. According to (5),
increasing WJFET reduces Cds, corresponding to the measured results in Figure 6d for both
wafer 1 and wafer 2. In addition, the measured Cds under a certain 1

2 WJFET is almost the
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same for the MOSFETs on both wafers, which is due to the fact that tox and NJFET are not
involved in (5).

Figure 7. Device capacitance components.

5. Trade-Offs

Table 1 summarizes the design information and experimental results for the 650 V SiC
MOSFETs. HF-FOM is included to evaluate the performance of the devices.

The variation of 1
2 WJFET influences Ron,sp and the device capacitance. When reducing

the 1
2 WJFET from 0.75 µm to 0.4 µm, (1) Ron,sp increases by 1.9× for wafer 1 and 1.1× for

wafer 2; (2) Cgd decreases by 1.4× for wafer 1 and 1.3× for wafer 2; and (3) less than 7%
and 4% increase are identified for Cgs and Cds, respectively.

Comparing the performance of the MOSFETs on wafer 2 to those on wafer 1, higher
NJFET and thinner gate oxide have the following benefits: (1) Ron,sp is further reduced and
the variation of Ron,sp caused by variation in 1

2 WJFET is mitigated; (2) Vth is reduced by
about 10%; and (3) a low HF-FOM of 699 mΩ·pF is obtained at 1

2 WJFET of 0.5 µm. The
trade-offs are that Cgs and Cgd are increased and the oxide field on the top of the JFET
region may rise; Cds is not affected. BV should not be affected either, assuming that the
drift layer doping and thickness remain the same.

Combining the above analysis, a narrower JFET region with a thinner gate oxide and
enhanced NJFET produce optimized designs for 650 V SiC MOSFETs. A small WJFET reduces
Cgd. The increased Ron,sp thanks to smaller WJFET can be compensated for by thinner gate
oxide and higher NJFET. A narrow JFET region helps to shield the gate oxide on the top of
JFET region from high oxide fields that may be induced by the thin gate oxide and high
NJFET.
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6. Conclusions

In this paper, 650 V SiC MOSFETs were designed, fabricated, packaged, and character-
ized. The on-state and dynamic performance trade-offs due to the JFET region and gate
oxide thickness design were then analyzed. Our experimental results show that a narrow
JFET width and enhanced JFET doping concentration lead to low Ron,sp, low Cgd, low
HF-FOM, and better gate oxide reliability without degrading the Vth and BV. The increases
in Cgs and Cds with reduction in JFET width are relatively small in comparison with the
reduction of Cgd. In addition, we have shown that Ron,sp can be further reduced with a
thinner gate oxide, although this incurs a penalty in terms of increased Cgd.
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Abstract: This paper evaluates the non-uniformity degree of platinum and chromium Schottky
contacts on silicon carbide. The forward characteristics of experimental samples were acquired in a
wide, 60–500 K, temperature range. Microstructural and conventional electrical characterizations were
performed, revealing the presence of inhomogeneities on the contact surface. The main parameters
were extracted using inhomogeneity models of varying complexity levels. Their relevance is discussed
with respect to the models’ applicable, limited, temperature ranges. Finally, complete forward curve
fitting was achieved using p-diode modeling, evincing that each type of contact behaves as four
parallel-connected ideal diodes. Since these parallel diodes have varying influences on the overall
device current with temperature and bias, operable domains can be identified where the samples
behave suitably.

Keywords: Schottky contact; silicon carbide; p-diode model; non-uniformity

1. Introduction

Reliable operation in harsh environments and over a wide range of temperatures
is a fundamental requirement in many industrial applications [1,2], including cement
manufacturing [3], drilling [4], geothermal systems [5], aerospace [6], etc. The working
conditions in these applications often include strong vibrations, corrosion, radiation, and
elevated heat levels, as well as a significant number of thermal cycles for the involved
devices [3].

For such hostile environments, silicon carbide (SiC)-based sensors have emerged as a
promising solution [3], especially for applications involving gas concentration measure-
ment [7,8] or temperature sensing [3,9–12]. Due to the wide bandgap (3.24 eV for 4H-SiC)
and low intrinsic carrier concentration, SiC devices can operate at temperatures far above
the limits for conventional semiconductors [3]. Furthermore, the mechanical robustness,
radiation hardness, chemical inertness, and high thermal conductivity of SiC allow for the
operation of these devices under harsh conditions [13].

The simplest semiconductor device that can be fabricated is the Schottky barrier
diode (SBD), as the process involves a metal deposition followed by annealing in order to
obtain a rectifying contact [14]. Consequently, an SBD is also the most cost-effective and
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technologically mature device fabricated using SiC [3]. Reported applications range from
high-voltage, high-power circuits, such as traction inverters [15], to sensors destined for
harsh environmental conditions [3,7].

Over time, different metals have been used for the Schottky contact on SiC substrates,
including nickel [3], titanium [16], platinum [17,18] and, less frequently, chromium [19,20].
While Pt is suitable for applications in a wide temperature range, Cr is also an attractive
proposition as a Schottky metal because it forms both silicides and carbides with SiC (very
stable compounds), resulting in good contact adhesion and mechanical properties [19].

Irrespective of the utilized metal, and even after annealing, contact inhomogeneity still
appears, with an observable effect on the Schottky barrier height (SBH) [14,21,22]. Conse-
quently, evaluating the performance of an SBD is still challenging, despite there being more
than fifty years of investigations [23]. Therefore, in order to fully understand the behavior
of these inhomogeneous contacts, comprehensive characterization needs to be carried out
over large temperature spans. The resulting characteristics must be parameterized using
specialized models, which need to accurately explain the electrical behavior across the
entire range. Modeling accuracy is especially critical for sensing applications, where the
SBD model must allow for the precise determination of the sensed quantity (temperature,
gas concentration, etc.) based on the measured electrical quantity (voltage or current); thus,
the model needs to account for the effects of contact inhomogeneity.

In this paper, the fabrication and electrical characterization of Pt/4H-SiC and Cr/4H-
SiC Schottky barrier diodes are presented. The characterization was carried out over a
broad temperature domain (60–500 K). The resulting forward curves were comprehen-
sively parameterized using state-of-the-art methods, confirming the presence of contact
inhomogeneity.

Afterwards, complete curve fitting was carried out using our recently proposed p-diode
technique [14,24], which modeled the inhomogeneous SBD as a minimal number of parallel
diodes. The resulting excellent fitting accuracy demonstrates that the p-diode model can
fully explain the forward behavior of the sample over the entire temperature and bias
intervals.

2. Materials and Methods

In this work, two metals with major differences in their work function (WF) values
were used to fabricate Schottky barrier diodes on nitrogen-doped 4H-SiC wafers with an
8 µm epitaxial layer. The SiC substrate was heavily doped, and the epitaxial layer had a
doping concentration of around 1016 cm−3. After the standard RCA chemical cleaning was
performed, two different types of SiO2 layers were deposited by the low-pressure chemical
vapor deposition (LPCVD) method in order to obtain a ramp profile as a termination for
the Schottky contact. This technological process is described in detail in refs. [3,25]. The
Schottky contact had a circular configuration with a diameter of 400 µm [25], as defined by
standard photolithography techniques (lift-off for Pt and wet etching for Cr contacts) in the
deposited field oxide (LPCVD). Due to the very high annealing temperature constraint, the
ohmic contact was firstly defined. Thus, 100 nm of Ni was deposited by sputtering on the
wafer backside, which was followed by rapid thermal annealing at 1050 ◦C for 3 min in
an Ar atmosphere. An X-ray diffraction analysis evinced a nickel silicide compound with
multiple diffraction peaks, which were assigned unambiguously to the Ni2Si phase [25]. For
the Schottky contact, the two metals (Pt with WF ∼= 5.7 eV and Cr with WF ∼= 4.5 eV) with a
thickness of 100 nm were deposited into the circular windows using an e-beam evaporation
system. Annealing in the same conditions (600 ◦C for 3 min in an Ar atmosphere) was
performed for the diodes from both batches, which were henceforth named Pt/4H-SiC
and Cr/4H-SiC. The pad contacts and backside metallization of the final structures were
achieved by evaporation of a metallic stack consisting of Ti (60 nm)/Ni (160 nm)/Au
(320 nm). The final samples were diced and encapsulated in TO39 packages using Ag
nano-paste for cathode bonding and Au wire-contacting for the anode connection.
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The X-ray diffraction (XRD) patterns were acquired in order to evaluate the Schottky
contact quality. The measurements used a 9 kW Rigaku SmartLab diffractometer (Rigaku
corp., Osaka, Japan)equipped with a monochromatic CuKα1 source that provided a wave-
length (λ = 0.15406 nm). During the measurements, the incidence angle of the source (ω)
was fixed to 0.5◦, while the detector angle (2θ) scanned from 20◦ to 95◦. Also, the incident
slit was 0.1 mm, while the receiving slits were set to 20 mm.

X-ray photoelectron spectroscopy (XPS) measurements were performed using a poly-
chromatic Al X-ray source at 13 kV with a power of 200 W. Vacuum was maintained at
~3 × 10−9 mbar. The energy analyzer was a 160 mm hemispherical type with a 1D detector
(ASPECT, Sigma Surface Science) (Sigma Surface Science GmbH, Taunusstein, Germany).
The diameter of the analysis spot was 1.3 mm. Prior to the XPS measurements, the samples
were infrared-heated to ~100 ◦C for 5 min and etched by Ar sputtering at 0.5 keV for 10 min.
The XPS spectra were analyzed by the CasaXPS software Version 2.3. 22PR1.0 using Shirley
background determination and processed to remove the satellite peaks due to the Kβ Al
characteristic line. The binding energies were referenced to the C-C component in the C 1s
signal at 284.8 eV associated with the adventitious carbon layer.

I-V characteristics of the packaged samples were measured at different temperatures
between 60–500 K with a step of 20 K using a Keithley 4200 semiconductor (Keithley Corp,
Cleveland, OH, USA) characterization system coupled with a Janis closed-cycle refrigerator
system [14].

3. Results
3.1. Microstructural Investigations—X-ray Diffraction and X-ray Photoelectron
Spectroscopy Analysis

The interfacial reaction of Pt and Cr with SiC was studied by XRD (Figure 1a,b) and
XPS (Figure 1c,d).

Figure 1a evinces the presence of diffraction peaks at 2θ = 39.72◦, 46.46◦, 67.80◦, 81.39◦,
and 85.59◦. According to card no. 04-0802 of the ICDD (International Centre for Diffraction
Data) database, these diffraction peaks can be attributed unambiguously to cubic Pt with
a = 0.392 nm that belongs to the Fm3m space group. In addition, each Pt diffraction peak
was accompanied at a lower 2θ = 39.17◦, 45.56◦, 66.34◦, 79.66◦, and 83.67◦ by a peak with a
smaller intensity. These additional diffraction peaks could be assigned to strained Pt (∆;
Figure 1a) as a result of the relatively high temperature used for the sample preparation
(~600 ◦C). According to the well-known Bragg law, lower 2θ values are associated to higher
inter-planar distances. For instance, the inter-planar distances for different reflections
increased as follows: from 0.226 nm to 0.230 nm (111), 0.195 nm to 0.199 nm (200), 0.138 nm
to 0.141 nm (220), 0.118 nm to 0.120 nm (311), and 0.113 nm to 0.115 nm (222). Accordingly,
the temperature induced the occurrence of a tensile lattice strain (ε) with different values
along the atomic planes. Based on the calculated inter-planar distances, the lattice strain
was: ~+1.7% (111), +2.1% (200), +2.2% (220), and +1.7% (311) and (222). The analysis also
shows that no oxides or silicides were formed during the sample preparation.

In the case of Cr/4H-SiC, the XRD data show the presence of typical reflections of
cubic Cr with a = 0.288 nm at 2θ = 44.39◦, 64.58◦, and 81.73◦, respectively, as shown in
Figure 1b. Unidentified diffraction peaks located at 2θ = 36.46◦, 41.68◦, 50.08◦, 63.55◦, and
79.40◦ could be assigned as (110), (113), (024), (214), and (306) reflections of Cr2O3 (ICDD,
card no. 01-1294).

Further investigations related to the structure of the resulting compounds were per-
formed by XPS for the Pt 4f and Cr 2p states. Figure 1c shows the high-resolution regions
of Pt 4f in the range of the binding energies (BEs): 82 eV–68 eV. The BEs of these regions
were calibrated using the binding energy of the adventitious carbon located at 284.8 eV.
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Figure 1. Grazing incidence XRD patterns for (a) Pt/4H-SiC and (b) Cr/4H-SiC. XPS spectra for (c) Pt 
4f and (d) Cr 2p states with the corresponding fitting curves. 
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4f and (d) Cr 2p states with the corresponding fitting curves.

In the fitting process, a mixed Lorentzian–Gaussian function was used to identify
the compounds from the investigated sample. The presence of Pt was confirmed by the
analysis of the Pt 4f high resolution spectra exhibiting two components, one at 71.1 eV,
attributed to 4f5/2 (orange), and one at 74.3 eV, associated with 4f7/2 (olive) peaks of Pt0.
The small asymmetry, observed in the Pt 4f peaks, was due to a small contribution of a
peak at 69.3 eV in the 4f5/2 peak and a peak at 73.1 eV in the 4f7/2 peak associated with
Pt2+ (blue line), which indicates that the Pt was superficially oxidized. Thus, the XPS
data indicate that the Pt remained mostly in metallic form and that it did not form PtSi
compounds. The results are in agreement with other studies conducted on Pt [26]. Larrieu
et al. [27] investigated the evolution of Pt 4f with the annealing temperature, showing that
the reaction of Pt to Pt2Si or PtSi is characterized by peaks at BEs~72.5 eV, which were
absent in our case. Furthermore, XPS analysis was performed to reveal the valence state of
the Cr on the SiC. Based on the fitting of the experimental data, it is revealed that the Cr3+

species can be further divided into oxides, which showed a discrete multiplet structure,
and hydroxides, which showed only a broad peak shape at BE = 576.7 eV. Also, Biesinger
et al. [28] conducted in-depth XPS studies on Cr, showing a discrete multiplet structure,
whereas the hydroxide gave only a broad peak shape.

Overall, the XRD analysis showed the formation of Pt as well as of a strained Pt
layer. In addition, the XPS analysis indicated a superficial oxide at the surface. No other
compounds were detected. On the other hand, in the case of Cr, the XRD and XPS analyses
revealed a more complex structure resulting from the thermal treatment, which included Cr
hydroxide and oxide compounds. Thus, a higher degree of inhomogeneity in the sample
composition was expected.
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3.2. Electrical Characterization
3.2.1. Temperature-Dependent Electrical Characteristics

Figure 2 shows the typical forward bias I-V characteristics of the fabricated samples in
the temperature range of 60–500 K with a step of 40 K.

Materials 2024, 17, x FOR PEER REVIEW 5 of 13 
 

 

gions of Pt 4f in the range of the binding energies (BEs): 82 eV–68 eV. The BEs of these 
regions were calibrated using the binding energy of the adventitious carbon located at 
284.8 eV. 

In the fitting process, a mixed Lorentzian–Gaussian function was used to identify the 
compounds from the investigated sample. The presence of Pt was confirmed by the 
analysis of the Pt 4f high resolution spectra exhibiting two components, one at 71.1 eV, 
attributed to 4f5/2 (orange), and one at 74.3 eV, associated with 4f7/2 (olive) peaks of Pt0. The 
small asymmetry, observed in the Pt 4f peaks, was due to a small contribution of a peak at 
69.3 eV in the 4f5/2 peak and a peak at 73.1 eV in the 4f7/2 peak associated with Pt2+ (blue 
line), which indicates that the Pt was superficially oxidized. Thus, the XPS data indicate 
that the Pt remained mostly in metallic form and that it did not form PtSi compounds. 
The results are in agreement with other studies conducted on Pt [26]. Larrieu et al. [27] 
investigated the evolution of Pt 4f with the annealing temperature, showing that the re-
action of Pt to Pt2Si or PtSi is characterized by peaks at BEs~72.5 eV, which were absent in 
our case. Furthermore, XPS analysis was performed to reveal the valence state of the Cr 
on the SiC. Based on the fitting of the experimental data, it is revealed that the Cr3+ species 
can be further divided into oxides, which showed a discrete multiplet structure, and hy-
droxides, which showed only a broad peak shape at BE = 576.7 eV. Also, Biesinger et al. 
[28] conducted in-depth XPS studies on Cr, showing a discrete multiplet structure, 
whereas the hydroxide gave only a broad peak shape. 

Overall, the XRD analysis showed the formation of Pt as well as of a strained Pt 
layer. In addition, the XPS analysis indicated a superficial oxide at the surface. No other 
compounds were detected. On the other hand, in the case of Cr, the XRD and XPS anal-
yses revealed a more complex structure resulting from the thermal treatment, which in-
cluded Cr hydroxide and oxide compounds. Thus, a higher degree of inhomogeneity in 
the sample composition was expected. 

3.2. Electrical Characterization 
3.2.1. Temperature-Dependent Electrical Characteristics 

Figure 2 shows the typical forward bias I-V characteristics of the fabricated samples 
in the temperature range of 60–500 K with a step of 40 K. 

0.0 0.5 1.0 1.5 2.0 2.5
10−9

10−7

10−5

10−3

10−1

Fo
rw

ar
d 

cu
rre

nt
, I

F(
A)

Forward voltage, VF(V)

Pt/4H-SiC

 60K   100K 
 140K  180K
 220K  260K
 300K  340K 
 380K  420K
 460K  500K

(a)

60K

500K

0.0 0.5 1.0 1.5 2.0 2.5
10−9

10−7

10−5

10−3

10−1

Fo
rw

ar
d 

cu
rre

nt
, I

F(
A)

Forward voltage, VF(V)

Cr/4H-SiC

 60K    100K
 140K  180K
 220K  260K
 300K  340K
 380K  420K
 460K  500K

(b)

60K

500K

 

Figure 2. Experimental forward bias I-V characteristics of the SBDs at various temperatures: (a) 
Pt/4H-SiC sample; (b) Cr/4H-SiC sample. 

Exponential behavior, covering at least six orders of magnitude, was identified for 
each experimental sample. For the Pt/4H-SiC sample, this dependence was evinced even 
at 500 K, while, for Cr/4H-SiC, the lower WF (and, consequently, lower SBH) led to a 
much higher increase in the saturation current with temperature. 

Figure 2. Experimental forward bias I-V characteristics of the SBDs at various temperatures: (a) Pt/4H-
SiC sample; (b) Cr/4H-SiC sample.

Exponential behavior, covering at least six orders of magnitude, was identified for
each experimental sample. For the Pt/4H-SiC sample, this dependence was evinced even at
500 K, while, for Cr/4H-SiC, the lower WF (and, consequently, lower SBH) led to a much
higher increase in the saturation current with temperature.

3.2.2. Standard SBD Characterization

The I-V-T characteristics of an ideal SBD are governed by the thermionic emission (TE)
law [29]:

IF ∼= ISexp
(

VF − IFRS
nVth

)
, (1)

where RS is the series resistance, n is the ideality factor, Vth = kT/q is the thermal voltage,
and IS is the saturation current,

IS ∼= An AST2exp
(
−ΦBn,T

Vth

)
, (2)

where AS is the designed contact area, An is the Richardson constant for electrons (146 A/K2

cm2 for n-type 4H-SiC), and ΦBn,T is the conventional Schottky barrier height.
The standard technique for extracting the main electrical parameters of an SBD entails

the representation of ln (IF) as a function of VF, followed by linear fitting. The ideality
factor and SBH are determined from the slope and intercept of this fit. For series resistance
(RS) determinations, a linear fit of the I-V plot in the high voltage domain is carried out.
These electrical parameters, for the two fabricated samples, were extracted from the data in
Figure 2. Their variation with temperature was plotted and is shown in Figure 3. According
to the TE theory, an ideal Schottky contact yields a temperature-stable, constant SBH and
ideality factor.
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Figure 3. Temperature dependence of electrical parameters for the fabricated SiC SBD samples with 
Pt and Cr: (a) ideality factor; (b) Schottky barrier height; (c) series resistance. 

Additionally, for SBDs with reasonably uniform contacts, the ideality factor should 
exhibit values close to unity. In our case, this situation corresponded to both the 

Figure 3. Temperature dependence of electrical parameters for the fabricated SiC SBD samples with
Pt and Cr: (a) ideality factor; (b) Schottky barrier height; (c) series resistance.

Additionally, for SBDs with reasonably uniform contacts, the ideality factor should
exhibit values close to unity. In our case, this situation corresponded to both the Pt/4H-
SiC and Cr/4H-SiC samples only in the 260–500 K temperature interval. This range was
also associated with a near-constant value for the Schottky barrier height. Conversely, a
significant temperature dependence for these parameters was observed in the 60–240 K
range. The behavior, coupled with the XRD findings, confirm that the devices’ contacts
were inhomogeneous.

3.2.3. State-of-the-Art Contact-Inhomogeneity Analysis

Multiple techniques were carried out in order to comprehensively evince the degree
of contact inhomogeneity for the investigated diodes. Firstly, we evaluated the deviation
from the ideal behavior, which is illustrated by the nkT vs. kT plot depicted in Figure 4.
For this representation, the 340–500 K temperature range was considered, corresponding to
an interval where the ideality factor was nearly constant.

Slight deviations from the ideal case (n = 1; green line in Figure 4) were observed. This
anomaly is normally attributed to Schottky barrier non-uniformity [30]. In such cases, the
ideality factor temperature dependence can be expressed as [31]:

n = 1 +
T0

T
, (3)

where T0 6= 0 is referred to as a T0 anomaly [21]. A high value for T0 corresponds to a
higher degree of inhomogeneity. Values of 14.6 K for the Pt/4H-SiC sample and 50.1 K
for the Cr/4H-SiC one were obtained from (3) after linear fitting was conducted on the
curves illustrated in Figure 4. The relatively high value corresponding to the Cr/4H-SiC
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diode occurred mostly because of the data point at 500 K, indicating that this temperature
level was beyond the normal capabilities for this type of contact. Excluding it from the
analysis yielded T0 = 20.8 K for Cr/4H-SiC, which was much more in agreement with its
Pt counterpart. While performing this rudimentary T0 anomaly technique can serve as a
quick way to confirm that contact inhomogeneities do influence electrical characteristics
significantly, it does not offer any physically relevant parameters.
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A more thorough characterization can be performed using models that consider the
well-known parallel conduction theory [21]. According to this, an experimental Schottky
contact has numerous low-area regions (“patches”) with independent barrier heights. If
a Gaussian distribution of these patches is considered at the interface [32] with a mean
Schottky carrier height (Φ0

Bn) and standard deviation (σ), the conventional SBH temperature
dependence (Figure 3b) can be expressed according to the following equation [32]:

ΦBn,T = Φ0
Bn −

qσ2

2kT
. (4)

Representing ΦBn,T as a function of q/2kT (Figure 5), we can determine both Φ0
Bn and

σ from the resulting intercept and slope.

Materials 2024, 17, x FOR PEER REVIEW 8 of 13 
 

 

Representing 𝛷,்  as a function of q/2kT (Figure 5), we can determine both 𝛷  and σ from the resulting intercept and slope. 

0 20 40 60 80 100 120 140 160
0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

Sc
ho

ttk
y 

Ba
rri

er
 H

ei
gh

t, 
Φ

Bn
,T

 (V
)

q/2kT (V −1)

 Pt/4H-SiC
 Cr/4H-SiC
 Linear Fit

Region 1: 300 − 500K

Region 2: 100 − 240K

 
Figure 5. Conventional SBH vs. q/2kT. 

Two linear regions can be identified on the graph in Figure 5, demonstrating that at 
least two Gaussian distributions were found on the contact’s surface [33]. The extracted 
mean SBH and its standard deviation for the two temperature ranges are shown in Table 
1 for both samples. The mean SBH for the Pt/4H-SiC sample was higher than that of the 
Cr/4H-SiC sample over both temperature intervals due to the difference in the metal WF 
values for the Schottky metals. 

Table 1. Extracted values for the mean SBH and standard deviation for different temperature in-
tervals. 

Extracted Parameters 

Temperature Range, T (K) 
Pt/4H-SiC Sample Cr/4H-SiC Sample 𝜱𝑩𝒏𝟎 (V) σ (V) 𝜱𝑩𝒏𝟎 (V) σ (V) 

100–240 1.774 0.134 1.206 0.111 
300–500 1.544 0.088 1.163 0.089 

Note that a third region can theoretically be identified for the 60–100 K range. At 
such low temperature levels, however, conventionally extracted SBH values are signifi-
cantly affected by errors stemming from the bias interval window of analysis and, possi-
bly, carrier freeze-out [34,35]. Since the Gaussian distribution model does not consider 
such effects, no significance can be derived from applying the technique to the 60–100 K 
measurements. 

The discrepancies between the values determined using this technique and their 
counterparts from the conventional method (see Figure 3b) make this analysis unable to 
explain the overall behavior of our fabricated samples. As we can see in Table 1, the mean 
SBH presented higher values over both temperature intervals than what the conventional 
SBH trend would suggest (see Figure 3b). Practically, this means that the determined 𝛷   was not the dominant one. 

Since the behavior of the SBD samples was closer to the ideal (n < 1.07) over 300–500 
K, this higher temperature interval will be referenced further in our analysis of the con-
tact inhomogeneity. 

Additional information about the impact of the contact inhomogeneity is given by 
the Richardson plot [31], from which both an effective SBH (𝛷ି) and active area 
(AS-eff) can be determined. The Richardson plots for our samples are governed by the ex-
pression: 

Figure 5. Conventional SBH vs. q/2kT.

Two linear regions can be identified on the graph in Figure 5, demonstrating that at
least two Gaussian distributions were found on the contact’s surface [33]. The extracted
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mean SBH and its standard deviation for the two temperature ranges are shown in Table 1
for both samples. The mean SBH for the Pt/4H-SiC sample was higher than that of the
Cr/4H-SiC sample over both temperature intervals due to the difference in the metal WF
values for the Schottky metals.

Table 1. Extracted values for the mean SBH and standard deviation for different temperature
intervals.

Extracted Parameters

Temperature Range, T (K)
Pt/4H-SiC Sample Cr/4H-SiC Sample

Φ0
Bn(V) σ (V) Φ0

Bn(V) σ (V)

100–240 1.774 0.134 1.206 0.111

300–500 1.544 0.088 1.163 0.089

Note that a third region can theoretically be identified for the 60–100 K range. At such
low temperature levels, however, conventionally extracted SBH values are significantly
affected by errors stemming from the bias interval window of analysis and, possibly, carrier
freeze-out [34,35]. Since the Gaussian distribution model does not consider such effects, no
significance can be derived from applying the technique to the 60–100 K measurements.

The discrepancies between the values determined using this technique and their
counterparts from the conventional method (see Figure 3b) make this analysis unable to
explain the overall behavior of our fabricated samples. As we can see in Table 1, the mean
SBH presented higher values over both temperature intervals than what the conventional
SBH trend would suggest (see Figure 3b). Practically, this means that the determined Φ0

Bn
was not the dominant one.

Since the behavior of the SBD samples was closer to the ideal (n < 1.07) over 300–500 K,
this higher temperature interval will be referenced further in our analysis of the contact
inhomogeneity.

Additional information about the impact of the contact inhomogeneity is given by the
Richardson plot [31], from which both an effective SBH

(
ΦBn−e f f

)
and active area (AS-eff)

can be determined. The Richardson plots for our samples are governed by the expression:

ln
(

IF

T2

)
= ln(AS A∗)−

q(Φ Bn−e f f − VF
nmed

)

kT
, (5)

where nmed represents the mean ideality factor value over a certain temperature interval.
Using the standard deviation values determined before (see Table 1), we can construct

a modified Richardson plot,

ln
(

IF

T2

)
−

(
q2σ2

2k2T2

)
= ln(AS A∗)−

q(Φ Bn−e f f − VF
nmed

)

kT
, (6)

where σ is the standard deviation determined using the conventional SBH vs. q/2kT plot
from Figure 5 with the values in Table 1 for both temperature intervals: low (100–240 K)
and high (300–500 K). Since nmed is truly representative for measurements only in the
high-temperature region, we constructed Richardson plots by taking several bias voltages
from the characteristics only in this domain, which was further restricted to 340–500 K. This
approach was taken in order to ensure that all the selected curves exhibited exponential
behavior for each VF. The voltage interval of 0.5–0.75 V was identified for Pt/4H-SiC and
0.2–0.4 V for Cr/4H-SiC. The effective SBH was determined from these intervals, and the
optimum voltage for constructing both the Richardson and modified Richardson plots was
selected such that fitting errors were minimized. Thus, a bias voltage of 0.6 V was chosen
for the Pt/4H-SiC sample and 0.25 V for Cr/4H-SiC. The plots are given in Figure 6.
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from Table 1 (300–500 K).

The effective active area (AS−eff) of the samples was determined as being one order of
magnitude smaller than the designed one (~12.56 × 10−4 cm2). This is another probative
indicator of the occurrence of inhomogeneity on the contact surface. Moreover, the Cr/4H-
SiC sample exhibited an AS−eff two times lower than Pt/4H-SiC, indicating a higher degree
of inhomogeneity. Accordingly, the current flow through the device is favored by the small,
low-barrier patches located on the contact surface. The effective SBH value, determined
using the standard Richardson plot, is also given in Figure 6. It better corresponded to
the electrical behavior of the fabricated samples, as it was in suitable agreement with the
variation in the trend of the conventional SBH values plotted in Figure 3b. Conversely, the
SBH value obtained from the modified Richardson plot naturally mimicked the one deter-
mined using the Werner and Güttler plot (see Figure 5). It is, theoretically, the extrapolation
at infinite temperature of the governing barrier height. Hence, in practice, this Gaussian
distribution method does not produce relevant parameters for highly inhomogeneous
devices. The temperature threshold after which these extracted barrier heights would
become indicative of actual device current flow far exceeds operational levels.

Finally, for a complete elucidation of the fabricated samples’ electrical behavior over
the entire investigated domain, a more comprehensive approach was undertaken. It was
based on our developed p-diode model [24], which also uses the parallel conduction theory
as the underlying principle. According to it, a real Schottky contact behaves like a grouping
of multiple parallel-connected near-ideal diodes (n capped at 1.03), each with its specific
barrier height and non-uniformity parameter (peff, giving a quantitative depiction of the
occupied area proportion). Distinctively from the Gaussian approach, each parallel diode is
also associated with a series resistance that can limit its current contribution to the overall IF
as the bias increases. The forward curves of both the Pt/4H-SiC and Cr/4H-SiC samples were
characterized with the p-diode technique over the entire 60–500 K range. The model-fitted
curves are depicted in Figure 7.

An excellent agreement between the fitted curves and experimental measurements can
be observed, even at low temperatures, where contact inhomogeneity determines strong
deviations from the exponential IF–VF dependence. Modeling at such near-cryogenic levels
is possible distinctly because of the p-diode’s consideration of patch resistive effects (ignored
in the Gaussian distribution model). Four parallel diodes (Dp1–Dp4, Figure 8) were
necessary to fully replicate the electrical behavior for both samples in the encompassing
temperature span, corresponding to different barrier zones. The obtained parameters are
given in Table 2. These regions were associated with the different compounds on the contact
surface evinced by the XRD and XPS analyses.
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Figure 7. p-diode model-fitted curves for 4H-SiC Schottky diode samples with (a) Pt and (b) Cr 
metals. 

An excellent agreement between the fitted curves and experimental measurements 
can be observed, even at low temperatures, where contact inhomogeneity determines 
strong deviations from the exponential IF–VF dependence. Modeling at such 
near-cryogenic levels is possible distinctly because of the p-diode’s consideration of patch 
resistive effects (ignored in the Gaussian distribution model). Four parallel diodes (Dp1–
Dp4, Figure 8) were necessary to fully replicate the electrical behavior for both samples in 
the encompassing temperature span, corresponding to different barrier zones. The ob-
tained parameters are given in Table 2. These regions were associated with the different 
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Table 2. Extracted p-diode model parameters.

Sample Parallel Diodes ΦBn [V] n peff RS [Ω]

Pt/4H-SiC

Pt-Dp1 1.51

1.03

0.51 44–60
Pt-Dp2 1.35 3.04 150–48
Pt-Dp3 1.3 4.39 150–800
Pt-Dp4 1.21 9.26 200 k–40 k

Cr/4H-SiC

Cr-Dp1 1.1 0.37 14.2–21.9
Cr-Dp2 0.93 3.73 50–430
Cr-Dp3 0.8 10.98 300–550
Cr-Dp4 0.73 13.39 ~15 k

For the Pt/4H-SiC sample, Pt-Dp1, covering most of the overall contact surface, exhib-
ited the highest barrier height and, at low temperatures, was only influential at a high bias.
As the temperature increased, this parallel diode began to contribute significant current
over the entire VF range. Conversely, Pt-Dp4 was only prominent in the low-temperature,
low-bias regions, with its impact becoming negligible at higher T and VF levels. Paral-
lel diodes Pt-Dp2 and Pt-Dp3 had comparable influence on the forward characteristics
throughout the entire bias and temperature intervals. Their lumped contributions were
especially relevant in the 300–500 K domain, as also confirmed by the ΦBn values similar to
that obtained from the Richardson plot (see Figure 6).

For the Cr/4H-SiC sample, Cr-Dp2 was the main current contributor, which was once
again verified by the results obtained from the Richardson plots. Cr-Dp3 and Cr-Dp4 were
responsible for the current flow in the lower ranges of bias and temperature, while Cr-Dp1
mostly influenced IF at the top end of the temperatures at high VF.

The p-diode analysis completely explains the forward electrical behavior of the investi-
gated samples throughout the entire temperature domain. Both exhibited a considerable
degree of contact inhomogeneity, with multiple current paths becoming preferential as the
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bias and thermal conditions evolved. Even so, suitable IF levels can be found, where the
samples essentially behaved like ideal Schottky diodes, enabling their use in temperature
and gas sensing applications. For such uses, the Pt samples are more desirable due to
their overall larger barrier height in order to obtain both a higher sensitivity and a wider
operable temperature range [36].

An important conclusion of the comprehensive inhomogeneity analysis is that all
of the employed techniques, apart from the p-diode method, either analyzed the Schottky
contact area as a whole or required restricted temperature intervals in order to produce
trustworthy results. While being useful tools for preliminary contact quality diagnosis, they
must be accompanied by p-diode modeling in order to accurately and completely assess the
forward electrical behavior of such wide-temperature-range SiC diodes.

4. Conclusions

This paper analyzed the contact inhomogeneity of Pt/SiC and Cr/SiC. The fabri-
cated samples were subjected to XRD and XPS analyses, revealing possible inhomogeneity
sources. For the Pt/4H-SiC sample, slight traces of oxides and a strained layer were identi-
fied. In the case of Cr/4H-SiC, more pronounced inhomogeneity was evinced, stemming
from hydroxide and oxide compounds. The conventional electrical characterization demon-
strated important variations in the barrier height and ideality factor with temperature,
which confirmed the formation of a non-uniform contact. Subsequent inhomogeneity
modeling employed techniques of gradually increasing complexity, which confirmed that
the Cr/4H-SiC diode was more affected by this spurious influence.

The forward characteristics of both samples were completely modeled with our p-diode
technique over the entire investigated domain. Each of the samples behaved essentially
as four parallel-connected ideal diodes, with variable influence on the current conduction,
depending on the temperature and bias levels. The Pt/4H-SiC diode’s current was mainly
given by a contact region with a barrier of 1.3–1.35 V. For the Cr/4H-SiC sample, a main
barrier of 0.93 V governed the current conduction. Both of these results were corroborated
by the ones obtained from the Richardson plots and conventional SBH extraction in the
plateaus corresponding to the high-temperature domain.

Employing the p-diode modeling was crucial in order to identify the suitable operable
bias and temperature conditions for these samples.
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Abstract: The discoloration switching appearing in the initial and final growth stages of 4H-silicon
carbide (4H-SiC) single crystals grown using the physical vapor transport (PVT) technique was
investigated. This phenomenon was studied, investigating the correlation with linear-type micro-
pipe defects on the surface of 4H-SiC single crystals. Based on the experimental results obtained
using time-of-flight secondary ion mass spectrometry (ToF-SIMS) and micro-Raman analysis, it
was deduced that the orientation of the 4H-SiC c-axis causes an axial change that correlates with
low levels of carbon. In addition, it was confirmed that the incorporation of additional elements
and the concentrations of these doped impurity elements were the main causes of discoloration and
changes in growth orientation. Overall, this work provides guidelines for evaluating the discoloration
switching in 4H-SiC single crystals and contributes to a greater understanding of this phenomenon.

Keywords: 4H-SiC single crystal; physical vapor transport (PVT); discoloration switching; ToF-SIMS;
Raman spectroscopy

1. Introduction

Silicon carbide (SiC) has attracted significant attention in recent years owing to its
outstanding electrical, mechanical, and thermal properties. As a result, SiC is commonly em-
ployed in many fields due to its incorporation into power devices and optoelectronics [1–5].
Over 200 SiC polytypes are known to exist, with cubic (3C-SiC) and hexagonal (4H-SiC
or 6H-SiC) −modified compounds being the most commonly used; these structural dif-
ferences significantly influence the electrical properties and potential applications of each
polytype. Among the various SiC polytypes, the cubic (3C-SiC) and hexagonal (4H-SiC or
6H-SiC) structures are the most commonly studied and used [2,6,7].

For example, 4H-SiC is known to exhibit a high-breakdown electric field at room
temperature, in addition to high thermal conductivity and a wide bandgap [8,9]. A number
of SiC polytypes also exist that exhibit high process temperatures and chemical stabili-
ties, among which 4H-SiC is the most widely used in power electronic applications [10].
Commercial SiC may be classified as either conductive SiC or high-purity semi-insulating
SiC. In the case of high-purity semi-insulating SiC, almost no impurity dopant atoms are
present, thereby accounting for the colorless nature of 4H-SiC, which is treated to remove
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all impurities. More specifically, commercial 4H-SiC is colorless due to its wide band gap,
which prevents absorption over the wavelength range of visible light. However, upon dop-
ing conductive SiC with N, P, Al, or B to generate additional energy levels [11], absorption
occurs in the visible light region. In addition, doped SiC crystals are known to exhibit
unique color characteristics, wherein the SiC crystal color becomes darker upon increasing
the concentration of impurity elements [12]. Moreover, 4H-SiC single crystals are mainly
grown using the slow physical vapor transport (PVT) approach [13,14], which leads to
different crystal colors in the initial and final states of crystal growth. With these considera-
tions in mind, it is clearly important to establish an analytical approach for monitoring this
color change and to determine the mechanism behind this phenomenon in 4H-SiC crystals
under different impurity concentrations. This is of particular importance in the context of
process control and failure analysis for the obtained SiC crystals.

Thus, to investigate the structural properties and spatial distributions involved in
the discoloration of 4H-SiC single crystals, discoloration switching is performed, and
the formation of linear-type micro-pipe defects is evaluated during two different growth
periods, namely the initial (Case I) and final (Case II) growth periods. Considering these
two growth periods, the characteristics of the 4H-SiC single crystals obtained by PVT are
examined using gas discharge mass spectrometry (GDMS), micro-Raman spectroscopy,
X-ray diffraction (XRD), photoluminescence (PL) spectroscopy, magnetic sector secondary-
ion mass spectrometry (magnetic sector-SIMS), and time-of-flight secondary ion mass
spectrometry (ToF-SIMS).

2. Materials and Methods
2.1. Preparation of 3C-SiC as a Precursor Material

The 3C-SiC (cubic silicon carbide) powder was synthesized in a customized furnace
via a chemical vapor deposition (CVD) process, which included vaporization, pyrolysis, nu-
cleation, oxidation–reduction, and substitution. Subsequently, it was reacted with granules
at a high temperature [15]. The precursor gas comprised commercial methyltrichlorosilane
(MTS) as the silicon precursor, as well as ammonia (NH3) and carbon dioxide (CO2). Ethy-
lene (C2H4) and propane (C3H8) were used as hydrocarbon precursors due to their easy
decomposition ability under high-temperature conditions.

A mixture of H2 and Ar was employed as the carrier gas. The color of the synthesized
3C-SiC was black, indicating the presence of impurities or defects in the material. The
3C-SiC powder was crushed and milled using specially developed equipment to minimize
contamination. The residual acid salt was removed by volatilization, and any excess
oxygen present in the SiC was removed through denitrification under heating at 105 ◦C
under reduced pressure in an argon environment. All other impurities present in the
synthesized SiC were eliminated through the decarburization method by heat treatment
at 850 ◦C for 1 h under oxygen atmosphere conditions to give a dried 3C-SiC powder
with a purity of >90% [15,16]. The method for removing excess oxygen present in 3C-SiC
powder was explained in detail as follows. There are some impurities in the 3C-SiC powder
synthesized by the CVD process, such as excess oxygen, free carbon, and free silicon
compounds (F-Si or F-SiO2). These by-products were removed through acid leaching,
decarburization, and esterification. Firstly, the free silicon compounds were eliminated
through acid leaching purification by using the mixed hydrochloric acid solution with a
sodium catalyst. Thereafter, in the case of decarburization purification, the 3C-SiC powder
was treated through thermal treatment by passing oxygen gas in order to remove CO2.

Then, the residual oxygen was purified by the OH substitution of acid through ester-
ification at 105 ◦C on a hot plate [15,16]. Subsequently, the obtained powder was sieved
through a 100 µm mesh to remove the fine and coarse particles. The synthesized 3C-SiC
powder was also subjected to chemical pretreatment to remove any impurities introduced
during the synthesis.

The elemental composition of the 3C-SiC powder was obtained using gas discharge
mass spectrometry (GDMS), as listed in Table 1, and a purity of 99.999% was confirmed.
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The XRD patterns of the 3C-SiC powder showed peaks corresponding to 3C-SiC (β-SiC
phase), as shown in Figure 1. The peaks at 35.7◦, 41.2◦, 59.9◦, and 71.6◦ are attributed to the
(111), (200), (220), and (311) planes of the β-SiC phase, respectively [15–18].

Table 1. Detailed element compositions of the 3C-SiC powder and the grown 4H-SiC single crystals,
as determined using gas discharge mass spectrometry (GDMS).

Element (ppm) B Al P Na V Ti Fe Ca Cl S

3C-SiC raw powder 1.10 0.08 <0.05 0.16 <0.05 <0.05 0.34 <0.50 1.1 0.14
4H-SiC crystal 1.20 0.10 <0.05 0.10 <0.05 <0.05 <0.10 <0.50 0.71 0.07
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Figure 1. X-ray diffraction (XRD) patterns of the purified 3C-SiC powder as a starting material for
4H-SiC single crystals.

2.2. Growth of 4H-SiC Single Crystals Using the PVT Process

The 4H-SiC single crystals were grown from the 3C-SiC source powder using PVT [15],
as outlined in Figures 2a and 3. To grow 4H-SiC single crystals, the 3C-SiC powder was
placed on the graphite crucible in the PVT reactor chamber. Crystal growth was conducted
under an inert gas environment, wherein a 4H-SiC crystal ingot was grown by sublimation
of the powder in the heated PVT reactor crucible. Detailed experimental conditions for the
growth of the 4H-SiC single crystals using PVT as shown in Table 2.

Table 2. Detailed experimental conditions for the growth of the 4H-SiC single crystals using PVT.

Precursor material 3C-SiC polycrystalline powder
Reaction gas Mixture of argon and nitrogen gas

Working pressure 35 Torr
Growth temperature 2300 ◦C

Growth rate 1400 µm/h
Growth time 30 h

Two case studies
Case I: Bright sample
Case II: Dark sample

More specifically, the growth of a single crystal was conducted under high-temperature
conditions of 2300 ◦C and a pressure of 35 Torr in the presence of an argon/nitrogen gas
mixture (99.96% purity). The injected argon gas flow rate was controlled using a mass flow
meter. To maintain a stable gas pressure of 35 Torr during crystal growth, a mechanical
pump was adjusted according to the required argon gas flow rate. The seed lid was attached
to the top of the graphite crucible containing the 4H-SiC substrate. Crystal growth was
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allowed to proceed over 30 h with an average growth rate of ~1400 µm/h. After completion
of the growth and cooling stages, the 4H-SiC crystal ingot was detached from the graphite
crucible and sliced parallel to the c-axis direction. Subsequently, the sliced 4H-SiC was
polished and cut perpendicular to the c-axis for analysis. Figure 2b shows a cross-sectional
diagram of the 4H-SiC single crystal’s growth. The elemental composition of the grown
4H-SiC single crystals was obtained using GDMS (see Table 1), and a purity of 99.999%
was confirmed.
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Figure 3. Detailed experimental procedure for growth of the 4H-SiC single crystals using the PVT
process.

Figure 4a,b presents photographic and optical images (under light-emitting diode
(LED) illumination), respectively, recorded for the surface of a sliced 4H-SiC single crystal.
Under LED illumination, the sliced 4H-SiC single crystal appeared to be divided into
two color regions, namely Case I (bright, near side) and Case II (dark, external side).
Detailed experimental conditions and parameters for the identification of the sliced 4H-SiC
single crystals are presented in Table 3.
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Sample
Identification Condition Collection Position Photographic
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Case I S1. Bright sample Seed near side of 4H-SiC Ingot
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2.3. Analysis and Characterization

The elemental compositions of the prepared 3C-SiC powder and the grown 4H-SiC
single crystal were determined using gas discharge mass spectrometry (GDMS; Element
GD Plus GD-MS, Thermo-Fisher Scientific, Waltham, MA, USA). Prior to the measurement,
each sample was treated to produce a flat surface through sequential grinding, cutting, and
polishing. An ionization power range of 30–50 W was applied for the trace element analysis.

The crystal orientations of the 4H-SiC single crystal were evaluated using multi-
function X-ray diffraction (XRD; PANalytical, Malvern, UK) and high-resolution two-
dimensional (2D) XRD (D8 Discover, Bruker, MA, USA) at the Korea Basic Science Institute
(KBSI, Daegu, Republic of Korea). To acquire the diffraction planes for the major and minor
XRD peaks, XRD spectra were measured over the θ–2θ range using multifunction XRD
with Cu Kα radiation at 30 mA and 40 kV.

The structural phase and preferential orientation of all samples were performed using
a Raman spectrometer (Renishaw, Wotton-under-Edge, UK) with a 514 nm laser as the
excitation source. The Raman spectra detection was acquired over the wavenumber range
of 200–2000 cm−1 with a four-stage Peltier-cooled CCD detector (UV-Vis-NIR range). The
objective lens of the microscope (DM500, LEICA, Wetzlar, Germany) had a magnification
of 50×, and the exposure time for accumulation was 5 s. The power intensity of the laser
beam was 5.0 ± 0.1 mW in the exposure time for accumulation, which was 5 s.

The photoluminescence (PL) spectra were obtained at both 298 K and 50 K using a PL
spectrometer (LabRAM HR Evolution, Horiba, Kyoto, Japan) equipped with a He–Cd laser
as the excitation source (wavelength = 325 nm, power = 0.15–15 mW). The power density of
the used laser ranged from 0.023 to 23.6 kW cm−2 for measurement. The laser was focused
on the sample using a 50× objective lens.
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To quantitatively monitor the elemental depth distribution in the 4H-SiC single crystal,
magnetic sector secondary-ion mass spectrometry (magnetic sector-SIMS; IMS-6f, Cameca,
France) was employed. For the magnetic sector-SIMS measurements, the 12C14N− sec-
ondary ions were acquired using a cesium ion (15 kV), while the 11B+ and 27Al+ secondary
ions were acquired using oxygen ions (7.5 kV) at a high mass resolution. Oxygen (32O2

+,
10 keV) was applied as the sputtering ion source for the detection of the secondary ions.
The primary ion was rastered over an area of 200 × 200 µm2, and the secondary ion signal
was recorded from the central part of this area (~60 µm diameter). After the magnetic
sector-SIMS depth profiling was completed, the formed crater depth was measured using a
stylus profiler. A constant erosion rate was assumed for the conversion of the sputtering
time to the corresponding depth.

To analyze the component distributions on the micro-pipe defect surfaces of the Case I
and Case II 4H-SiC crystal samples, time-of-flight secondary ion mass spectroscopy (ToF-
SIMS; IonTOF 5, ION-TOF, Münster, Germany) was used to measure both the positive and
negative-ion modes under high-current bunching conditions. The pressure in the analysis
chamber was maintained at a very low vacuum level below 1 × 10−9 Torr. The voltage
and Bi1+ ion current were 30 kV and 1 pA, respectively. The negative-ion and positive-ion
mass spectra were acquired from a 500 × 500 µm2 area using a Bi1+ (1 pA) primary ion
beam operating at 30 keV. The mass resolution of the measured spectra was measured
under high-resolution conditions of 8000 or more at a mass-to-charge ratio (m/z) of 29Si. To
prevent surface charging during the ToF-SIMS measurements, a flood gun of low-energy
electrons was used.

To further analyze the component distributions on the micro-pipe defect surfaces,
ToF-SIMS images were recorded using the burst alignment mode, with Bi3+ primary ions
operating at a voltage and ion current of 30 keV and 0.6 pA, respectively. The ToF-SIMS
images were acquired over an area range of 500 × 500 µm2 in both the negative-ion and
positive-ion modes.

In addition, to investigate the vertical distributions of the components in the depth
direction for the Case I and Case II samples, the sputter raster was set at 150 × 150 mm2,
and the secondary ions were detected using ToF-SIMS with a depth profile mode based
on an area of 50 × 50 mm2 centered within the sputtered region. A pulsed electron flood
source was employed for charge compensation.

For the negatively charged secondary ions, the depth profile was measured using
Cs+−sputtering ions operating at a voltage and ion current of 3 keV and 37 nA, respectively.
The depth profile of the positively charged secondary ions was measured in the non-
interlaced analysis mode using O2

+ primary ions at a voltage and ion beam current of
2 keV and 310 nA, respectively.

3. Results

Figure 5a,b shows the XRD patterns and X-ray rocking curves of the Case I and Case
II 4H-SiC single crystals in the (0004) direction, wherein it can be seen in Figure 4a that
all samples prepared by PVD were preferentially grown along strong (004) planes. In this
figure, the XRD peaks observed at 35.6◦, 38.1◦, 43.2◦, 49.7◦, 57.2◦, 65.7◦, and 74.9◦ were
attributed to the (004), (012), (013), (014), (015), (016), and (017) planes of the 4H-SiC phase,
respectively [15,16,19]. All peaks were in good agreement with ICSD card 98-016-4971. In
addition, the full width at half-maximum (FWHM) values for the two (0004) X-ray rocking
curves exhibit similar values below 0.01◦, thereby indicating that both 4H-SiC specimens
are highly crystalline.

The Raman spectra of the grown 4H-SiC crystals are shown in Figure 6a,b, wherein the
two characteristic peaks of 4H-SiC, corresponding to the transverse optical (TO) phonon,
were detected at ~778 and 797 cm−1 [5,20–24]. For the Case I (bright) crystals, the TO peak
observed (FTO, E2) at 781 cm−1 in the perpendicular orientation was split into a doublet at
777 and 783 cm−1, indicating that the 4H-SiC structure of the single crystal did not change,
but the preferred orientation of the (0001) plane changed [24,25]. In Case II (dark), the TO
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peak (FTO, E2) was observed at 781 cm−1 in the parallel orientation, and no splitting was
evident. In the early stages of growth (Case I), the FTO peak intensity initially weakened
prior to strengthening again in the final growth stage (Case II) until the crystal’s growth
was complete. The Raman spectra presented in Figure 6b for cases I and II were recorded
with the incident laser oriented parallel to the c-axis.
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Figure 6. Raman spectra of the two 4H-SiC single crystals (cases I and II) measured under (a) wide
and (b) narrow scanning conditions for the TO peaks.

Based on the obtained experimental results, it was apparent that all samples main-
tained the 4H-SiC structure [24]. For the Case II (dark) specimen, the folded TO peak
(FTO, E2) recorded in the perpendicular orientation at 781 cm−1 was split into a doublet at
777 and 783 cm−1 [24]. Considering the displacement of atoms from their original positions
in the lattice, it was evident that this splitting occurred perpendicular to the change in
the rotational c-axis of the defect [24]. Table 4 summarizes the detailed assignment and
origin of the Raman peaks with respect to three different sample conditions. This splitting
occurred perpendicular to the change in the rotational defect to the c-axis, considering the
displacement of atoms from their original positions in the lattice [24].

Table 4. Peak center positions of the Raman peaks of cases I and II relative to the 4H-standard
reference.

Sample Identification Color
FTO, Transversal (Planar) Optic, E2

‖ (cm−1) ⊥ (cm−1)

Case I Bright yellow N.D. 777, 783
Case II Dark brown 781 N.D.
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Figure 7a shows the PL emission spectra measured at room temperature (298 K)
with a 325 excitation source for sample cases I and II. For all samples, the obtained PL
spectra showed a wide non-gaussian symmetric peak at 533 nm. This PL peak corresponds
to nitrogen–boron (N–B), which originated from the N–B donor–acceptor pair (DAP)
emission [21,22]. The luminescence emissions displayed in these spectra are directly
correlated with energy-level transitions of semiconductors. Thus, the recombination of
DAPs in the 4H-SiC crystals containing an indirect bandgap leads to the formation of free
excitons and phonons. This type of recombination introduces a complex donor-acceptor
recombination mechanism, indicating the potential of the impurity concentration to impart
a critical influence on the luminescence emissions [26–28].
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Figure 7b shows the PL spectra measured at a low temperature of 50 K for specimen
cases I and II. In all samples, the nitrogen–aluminum (N–Al) and N–B DAP emissions
were also detected and were confirmed at 420 and 580 nm, respectively [26–28], with the
highest peak intensity being observed for the N–Al DAP emission of Case II. In addition,
the N–B DAP emission peak intensity was high for Case I, suggesting an increase in the
N–B DAP density at low temperatures [26–28]. Moreover, the peak intensity of the N–B
DAP emission increased with an increasing nitrogen concentration. As shown in Figure 7b,
Case I (bright) exhibits a weak PL peak at 370 nm in the low-temperature spectrum, which
was attributed to the nitrogen emission caused by nitrogen-bounce excitation [26–28]. In
contrast, the N–Al DAP emission was observed at 420 nm in Case II due to the effect of a
visible emission at 533 nm that was caused by luminescence quenching [26–28].

To better clarify the correlation between the impurities and the PL behavior, magnetic
sector-SIMS depth profiling was performed to identify the trace impurity concentrations
of B, Al, and N with two different samples of cases (a) I and (b) II. As outlined in Figure 8
and Table 5, the concentration of each impurity was converted into atoms cm−3, and the
donor–acceptor recombination ratios (RDAs) of CD−A and 2CB/(CN − CB) were calculated
using Equation (1) [15,21,22], wherein the B, Al, and N concentrations are defined as CB,
CAl, and CN, respectively. The parameter CD−A was calculated as a function of CB −
(CAl − CN) [16] to give the values listed in Table 5.

CD−A = ln CB − (ln CAl − ln CN), (1)

In Case II (dark), the increase in the PL intensity of the N–B DAP originates from
an increase in the RDA of CD−A [15]. Considering that the DAP recombination rate is an
efficient measure of the emission luminescence [29–32], and the RDA is proportional to the
donor concentration (CD) and the acceptor concentration (CA), the correlation between the
CD, CA, and PL properties can be evaluated, as described previously [21]. The increased
N–B DAP peak intensity for Case II was, therefore, attributed to an increase in CN. Auker-
man and Millea’s model [30–32] suggests that the correlation between DAP recombination
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and concentration causes the PL intensity to increase with an increase in the difference
between CN and CB; this is known as the N–B concentration gap. More specifically, when
the N–B concentration gap is larger than CB, saturation occurs, whereas when the N–B
concentration gap is more than twice CB, the PL emission intensity decreases due to the
presence of non-radiative defects (non-emission), as evidenced in Case II [29]. For Case II,
at a high Al concentration (CAl), the N–B and N–Al DAP emissions at 420 nm became
weaker [15]. As shown in Figure 8 and Table 5, for Case I, the concentrations of B, N, and
Al were calculated to be 1.29 × 1017, 3.49 × 1019, and 5.49 × 1014 atoms cm−3 respectively,
whereas in Case II, the corresponding concentrations were 1.99 × 1016, 4.04 × 1019, and
1.05 × 1016 atoms cm−3, respectively. From these results, it is clear that the concentrations
of N and Al were higher in Case II than in Case I. The 2CB/(CN − CB) value was calculated
to compare the correlation between the N–B concentration and PL [15,29].
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Table 5. Comparison of the calculated elemental concentrations of B, N, and Al from the depth
profiling obtained by magnetic sector-SIMS depth profiling with two different samples of cases I
and II.

Concentration
Sample Conditions

Case I (S1, Bright) Case II (S2, Dark)

CN (atoms cm−3) 3.49 × 1019 4.04 × 1019

CB (atoms cm−3) 1.29 × 1017 1.99 × 1016

CAl (atoms cm−3) 5.49 × 1014 1.05 × 1016

Ln CN 45 45
Ln CB 39 38
Ln CAl 34 37

RDA of CD−A (arb. units) 50 46
The ratio of 2CB/(CN − CB) 0.01 0.001

For all samples, the peak intensity of the N–B emission at 580 nm decreased in the
PL spectra, as shown in Figure 7a,b. It indicates that the N impurity has been substituted
with carbon atoms within the SiC lattice; that is, these substitutions trapped the impurity
levels within the bandgap of the material, and then, the impurity levels act as trap states
for charge carriers (electrons and holes) and make it difficult for them to transition between
the impurity levels to a non-radiative emission of 580 nm owing to the electron–hole pair
recombination, resulting in discoloration and luminescence quenching.

For the Case II sample, the calculated value of 2CB/(CN − CB) was 0.001 less than
0.01, meaning a weak visible emission at a wavelength of 580 nm. The presence of Al
and N impurities in the hexagonal lattice of the SiC results in a blue emission peak that is
derived from N–B DAP emission quenching. This emission peak means that the impurity
concentrations of N, B, and Al have an influence on N–B DAP emission quenching in
4H-SiC [15].
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To investigate the linear-type micro-pipe defects of the 4H-SiC surface, the different
surface component distributions were analyzed using ToF-SIMS for the Case I 4H-SiC single
crystal. Figure 9a,b shows the ToF-SIMS images obtained for the micro-pipe region of the
crystal using the ToF-SIMS fast-imaging mode. For Case I, strong Na+, Al+, and K+ peaks
were detected in the micro-pipe defects using the positive-ion mode (Figures S1 and S2),
whereas Cl− was detected with high intensity in the negative-ion mode (Figures S3 and S4).
It was therefore confirmed that the impurities of Na, Al, K, and Cl were highly distributed
in the micro-pipes defect region of Case I’s surface. However, no micro-pipe defects were
observed on Case II’s surface due to the expected distribution of impurities throughout
the SiC species. It was considered that this occurred via diffusion at the high-temperature
conditions employed during the final stage of crystal growth (Figure S5).
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Figure 9. (a) Positive and (b) negative secondary ion ToF-SIMS images recorded in the fast image
mode for the Case I (bright) sample.

To clarify the different spatial distributions in the depth direction, ToF-SIMS depth
profiling was performed for Case I and Case II’s 4H-SiC single crystal specimens, as pre-
sented in Figure 10a,b. More specifically, from Figure 10a, it can be seen that the impurities
of Case I were distributed only on the SiC surface, compared to Case II (Figures S1 and S2).
These results are consistent with the fast image results presented in Figure 9. Thus, the Na,
K, Al, and Ca impurities penetrated SiC and were distributed throughout the structure for
Case II, as shown in Figure 10b.
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Figure 11a,c shows the ToF-SIMS negative-ion depth profiling results of 4H-SiC single
crystal specimens with respect to the Cases I and II. More specifically, as shown in Figure 11c,
the highest SiC2

− content was detected in Case I, indicating that during this initial stage of
crystal growth, the specimen is richer in carbon than during the latter stages (i.e., Case II). In
Figure 11d, it can be seen that this higher carbon content can be attributed to an increase in
SiC2. It was therefore considered that this carbon species may be associated with the micro-
pipe defects observed in the Case I specimen. Indeed, during the PVT process, the 3C-SiC
precursor powder was sublimated to generate vaporized species, such as Si, Si2C, and SiC2,
which exist in a silicon-rich and carbon excess, as indicated in Equation (2) [33–35]:

SiC (s)→ Si (g) + Si2C (g) + SiC2 (g) + C (s) (2)
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Since these vapor species are initially desorbed during the growth process, the surface
of the grown SiC ingot becomes carbon-rich, as shown in Figure 11. At this time, when
a metal cation with a large atomic radius, such as Ca, comes into contact with the C or

75



Materials 2024, 17, 1005

Si-rich species, impurity substitution in the SiC crystal lattice can lead to the generation
of stress or discoloration [33–35]. We suggested a method to reduce impurity substitution.
Firstly, in the case of the metal impurities, the metal soluble acid salts (MCl 3 and MNO3) in
the 3C-SiC powder were purified through a catalytic reaction using hydrochloric acid and
esterification (CH3ONO + H2O) [15,16]. Secondly, in the case of the effect of the C/Si ratio
related to the N impurity, when the C/Si ratio increases, the N impurities incorporation into
a 4H-SiC crystal can be reduced by site competition rules [35]. Additionally, to maintain
the C-rich conditions, the growth surface of the 4H-SiC seed was placed on the C face, in
which the N molecule was very weakly adsorbed.

4. Conclusions

This work systematically investigated the main factors of discoloration switching for
4H-SiC single crystals grown using the physical vapor transport (PVT) technique. For this
purpose, time-of-flight secondary ion mass spectrometry (ToF-SIMS) and micro-Raman
analyses were employed. Considering the crystal structure and the distribution of trace
elements, the origin of the color changes between the early and late stages of crystal growth.
The ToF-SIMS results showed that in the early stages (Case I), the bright color was attributed
to some formation of micro-pipe linear defects on 4H-SiC’s single crystal surface during
crystal growth. In the latter stages (Case II), a dark color was observed, and no micro-pipe
defects were found. These differences were attributed to the abundance of SiC2 in the
initial stage and changes in the C/Si ratio as the crystal growth proceeded. Furthermore,
the disappearance of micro-pipe defects in the final growth stage was likely due to the
penetration and dispersion of any metal impurities inside the SiC matrix under the high-
temperature conditions employed during this stage. The discoloration defects, therefore,
originated from the presence of trace impurities and induced changes in the preferred
orientation of 4H-SiC. Moreover, it was considered that the observed changes in the visible
green light luminescence were affected by luminescence quenching during the latter growth
stages. Overall, this work provides guidelines for evaluating the defect characteristics of
PVT-grown 4H-SiC single crystals, with the aim of improving crystal homogeneity.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma17051005/s1, Figure S1: ToF-SIMS positive secondary ion spectra
recorded over two different regions: (a) ROI-1 and (b) ROI-2. The spectra were acquired from the
ToF-SIMS positive secondary ion images obtained using the ToF-SIMS fast imaging mode for Case I
(bright); Figure S2: Comparison of the normalized ToF-SIMS peak intensities of the ToF-SIMS positive
secondary ion spectra recorded over two different regions (ROI-1 and ROI-2) and acquired from
ToF-SIMS positive secondary ion image obtained using the ToF-SIMS fast imaging mode for Case I
(bright); Figure S3: ToF-SIMS negative secondary ion spectra recorded over two different regions:
(a) ROI-1 and (b) ROI-2. The spectra were acquired from the ToF-SIMS positive secondary ion images
obtained using the ToF-SIMS fast imaging mode for Case I (bright); Figure S4: Comparison of the
normalized ToF-SIMS peak intensities of the ToF-SIMS negative secondary ion spectra recorded over
two different regions (ROI-1 and ROI-2) and acquired from ToF-SIMS positive secondary ion image
obtained using the ToF-SIMS fast imaging mode for Case I (bright); Figure S5: ToF-SIMS (a) positive
and (b) negative secondary ion images obtained using the ToF-SIMS fast imaging mode for Case II
(dark) in the obtained 4H-SiC single crystal.
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Abstract: The characterization of silicon carbide (SiC) by specific electrical atomic force microscopy
(AFM) modes is highly appreciated for revealing its structure and properties at a nanoscale. However,
during the conductive AFM (C-AFM) measurements, the strong electric field that builds up around
and below the AFM conductive tip in ambient atmosphere may lead to a direct anodic oxidation of
the SiC surface due to the formation of a water nanomeniscus. In this paper, the underlying effects of
the anodization are experimentally investigated for SiC multilayers with different doping levels by
studying gradual SiC epitaxial-doped layers with nitrogen (N) from 5 × 1017 to 1019 at/cm3. The
presence of the water nanomeniscus is probed by the AFM and analyzed with the force–distance
curve when a negative bias is applied to the AFM tip. From the water meniscus breakup distance
measured without and with polarization, the water meniscus volume is increased by a factor of
three under polarization. AFM experimental results are supported by electrostatic modeling to study
oxide growth. By taking into account the presence of the water nanomeniscus, the surface oxide
layer and the SiC doping level, a 2D-axisymmetric finite element model is developed to calculate the
electric field distribution nearby the tip contact and the current distributions at the nanocontact. The
results demonstrate that the anodization occurred for the conductive regime in which the current
depends strongly to the doping; its threshold value is 7 × 1018 at/cm3 for anodization. Finally, the
characterization of a classical planar SiC-MOSFET by C-AFM is examined. Results reveal the local
oxidation mechanism of the SiC material at the surface of the MOSFET structure. AFM topographies
after successive C-AFM measurements show that the local oxide created by anodization is located
on both sides of the MOS channel; these areas are the locations of the highly n-type-doped zones. A
selective wet chemical etching confirms that the oxide induced by local anodic oxidation is a SiOCH
layer.

Keywords: local oxidation; atomic force microscopy; C-AFM; doping; successive AFM characterizations;
doped silicon carbide; MOSFET

1. Introduction

Recently, silicon carbide (SiC) has become a mature wide-band-gap semiconductor in
microelectronics networks and especially in electric-power conversion [1] and has shown
continuous high-temperature integrated circuit operation over 800 ◦C [2]. It has demon-
strated exceptional characteristics compared to silicon, with numerous advantages in
high-temperature and high-frequency applications due to its high-critical electric field and
its high thermal conductivity [3]. SiC devices have already demonstrated their excellent
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performances in terms of energy conversion and system losses, with increased devices den-
sity [4]. SiC MOSFETs have shown their interest for power networks, especially concerning
the resistance to high voltages and currents [5].

The high integration density for small scale devices, the process requirements, but
also the reliability analysis require precise and local techniques to analyze devices at the
SiC-die level. The details of the SiC inside the die, i.e., the achieved dopant level and other
fundamental properties, as well as the interactions at its interfaces with other materials are
important to be analyzed to understand the macroscopic performances of the full device,
compared to its modelled attributes. Based on atomic force microscopy (AFM), several
modes are becoming essential techniques to probe and examine local electrical properties at
the nanoscale. These modes include modes based on conduction-like scanning capacitance
microscopy (SCM) [6,7], scanning non-linear dielectric microscopy (SNDM) [8–10], conduc-
tive AFM (C-AFM) [11–15] or scanning spreading resistance microscopy (SSRM) [16–19],
and a mode based on microwave interaction sMIM (scanning microwave impedance mi-
croscopy) [20,21]. Nowadays, all these modes are used extensively for their capability in
terms of spatial resolution, detection, analysis of doping species, conductivity, resistivity or
isolation properties. During the measurements with these modes, an electrical voltage is
applied on the tip scanning the surface of the sample, with a mechanical contact between
the tip and the surface. When the measurements are carried out under ambient atmosphere,
i.e., air containing moisture, the formation of a water meniscus surrounding the tip occurs
due to the adsorption of the humidity. This water bridge changes the local electrochemical
behavior around the AFM tip and can cause a localized oxidation of the material under
investigation [22]. For silicon, several extended studies have been conducted since the
1990s. At the tip–sample nano-contact, a local electrochemical cell is created (Figure 1),
where the AFM silicon tip plays the role of a cathode. When a negative appropriate bias is
applied to the tip, the high electrical field (in the range of 109–1010 V·m−1) in the electro-
chemical nano-cell induces the creation of O−, OH−, and H− ions. The polarization applied
on AFM favors water electro dissociation. With the molecular transport (ionic-diffusion
mechanisms) through the water meniscus, negative ions flow towards the surface and
recombine with holes (h+) [23] at the surface of the silicon. Therefore, this anodic oxidation
mechanism allows for a direct oxide growth located under the AFM tip.
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This mechanism is called AFM local anodic oxidation (AFM-LAO). AFM-LAO is
used to create and manage oxidized nano-structures like nano-dots or lines also called
(nano-patterning). The grown oxide thickness depends on several parameters such as the
silicon properties and scanned AFM parameters [24].

For SiC, authors have reported such a local oxidation by a polarized AFM tip during
the scan [25,26]. As for the silicon, the main origin of this phenomenon is due to the ioniza-
tion of the water meniscus presence under electric fields of at least 8 × 106 V/m [25,27,28].
The AFM-LAO oxide growth rate for SiC was studied as a function of the applied DC
bias [29,30], bias pulses [30], loading force, scan rate and/or doping level for the 6H-SiC
and 4H-SiC [31]. In [31], authors also show that the AFM local oxidation can be promoted
by high doping concentrations; in this case, two doping levels of phosphorus-implanted
4H-SiC are experimentally compared.

The growth mechanisms during this local anodization and, more particularly, the
influence of the SiC doping have not been comprehensively investigated up to now. In this
context, this study aims to investigate the influence of the SiC doping level on this growth
mechanism during conductive AFM scans. This study goes a step further considering
two aspects: (i) the fine quantification of the local oxidation as a function of the doping
level with the study of a gradual SiC epitaxial-doped layers with nitrogen (N); and (ii) the
study of the local oxidation mechanism after consecutive scans of the cross-section of a
power SiC MOSFET. To reach this goal, a staircase doping sample is scanned and analyzed.
The experimental results provided by AFM are combined with finite element modeling,
to evaluate the electric field and current distributions when the tip is in contact with the
sample surface. Results are extended to a classical SiC MOSFET by studying the evolution
of the surface cross-section after successive C-AFM scans.

2. Materials and Methods
2.1. Description of the SiC Staircase Sample and MOSFET Device

Two kinds of samples were used (Figure 2): epitaxial SiC layers with various doping
levels, and a commercial off-the-shelf (COTS) SiC MOSFET. The epitaxial SiC (sample A)
was specially designed for this study; the sample is a staircase SiC multilayer doped in
situ with nitrogen (N) with dopant concentrations from 5 × 1017 to 1019 at/cm3. This
sample is fabricated to determine the threshold of the doping level for the LAO mechanism.
Epitaxial layers were grown at Warwick on 100 mm diameter, 4◦ off-axis, n+ 4H-SiC wafers
using an LPE ACiS M8 chemical vapor deposition (CVD) reactor. The 6 µm thick 4H-SiC
homoepitaxial layers were grown using trichlorosilane (HCl3Si, TCS) and ethylene (C2H4)
at a C/Si ratio of 0.46 with nominal growth rates of 5 µm/hr at a temperature of 1650 ◦C,
where N2 was used to dope the layers. An optical view of the sample A is shown in Figure 2;
note that another SiC wafer is used to avoid edge effects during the polishing state. Sample
B is a classical TO-molded packaged COTS power SiC MOSFET that has a planar structure
(third generation) with a vertical double implantation. The nominal voltage and current
rating are 900 V and 23 A, respectively, and RDS = 12 Ω. For AFM scans, a cross-sectional
sample was prepared, keeping the electrical access through the TO packaging for electrical
biasing during the AFM scans [32]. The axis of the cut is perpendicularly to the gate contacts.
The surface of the cross-sectional sample was polished with lapping films. Decreasing
granularity disks were used to obtain a very low roughness, i.e., a mirror-like surface. The
schematic cross-section SiC epilayers represent the multilayer structure deposited on the
4H-SiC substrate. A confocal view (Figure 2) reveals the multigate structure of the device.
A schematic of the MOSFET structure is also reported.
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2.2. Atomic Force Measurement Details

For the AFM measurements, a Dimension Icon AFM from Bruker is used. The topog-
raphy and the local conductivity were simultaneously recorded in the C-AFM [7] mode. A
conductive platinum–iridium (PtIr) coated tip (SCM-PIC, Bruker, Billerica, MA, USA) was
used with a tip radius around 25 nm. The measured spring constant of the used cantilever
was determined to be about 0.1 N/m. This low spring constant assures a good electrical
contact with the oxide at the surface of the cross-sectional sample without indenting the
thin oxide layer. The image resolution was 512 × 512 pixels with a slow scan rate of
about 0.3 Hz during the electrical measurements. AFM acquisitions were performed under
ambient conditions at room temperature with a relative humidity of 45%.

2.3. Simulations of the Electric Field and Current Distribution under the Tip–SiC Nanocontact

In ambient conditions, the electric field located around the AFM tip and the presence
of adsorbed water are the origin of the local oxidation of the scanned surface [33,34]. In fact,
during AFM-LAO, by applying a negative bias to the AFM tip, a local electrochemical cell
was formed around the tip and could allow local anodic oxidation (Figure 1). In order to
determine the electric field distribution in the nano-system, the water meniscus/oxide/SiC
region, an electrostatic model, was deployed. A 2D-axisymmetric finite element model
was developed with COMSOL Multiphysics. The AFM tip was computed as a classical
truncated cone with 10 µm height and 14◦ aperture angle, ending with a semi-spherical
apex (curvature radius Rc = 25 nm). In our model, the water meniscus was simulated with
a height of 30 nm and a radius of 50 nm at the interface with the surface sample. The rest of
the tip was supposed to be surrounded by air, modeled by a box whose dimensions are
large enough to avoid edge effects [35]. The SiC layer sample is modeled by a 500 nm thick
material covered by an oxide layer (representing the LAO oxide) whose thickness ranged
from 0 nm to 6 nm. As the presence of carbon cannot be excluded, a SiOCH [30,36] layer
was simulated as the oxide layer.

The local electric field
→
E derives from the potential V:

→
E = −

→
grad (V) (1)

Moreover, to simulate the local electric field distributions
→
E , two approaches were

developed. First, to investigate the influence of water bridge presence and SiOCH layer
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thickness on electric field distribution, the Poisson’s equation was solved in the surrounding
air, in the water meniscus and in the device.

div
(

ε
→
E
)
= ρ (2)

where ρ is the charge density and ε the dielectric permittivity.
The relative dielectric permittivity of water, SiC and SiOCH are 80.0, 9.2 and 3.0,

respectively.
For the classical simulations, typical boundary conditions were applied; no charge

conditions (i.e., zero potential) were applied on the free boundaries of the simulation box
to avoid edge effects. Moreover, the water meniscus, SiOCH and SiC were considered free
of charge (i.e., ρ = 0 C cm−3).

Secondly, to investigate the influence of SiC doping on the current, the following
equation was solved:

→
J = σ

→
E (3)

with σ the conductivity of the different materials.
In the water bridge, the conductivity is considered to be constant (5 × 106 S/m) and

variable for the SiC and SiOCH layers. For the SiOCH layer, a conductivity ranging from
1.7 × 10−5 S/m (Si in excess) to 1 S/m (defect or impurities) is considered to reproduce
the poor insulating properties of this oxide. For the SiC layer, a conductivity ranging from
1.7 × 103 S/m (i.e., doping concentration of 1017 at/cm3) to 2 × 104 S/m (i.e., doping
concentration of 5 × 109 at/cm3) was used.

3. Results and Discussion
3.1. The Tip–Sample Interaction in Ambient Conditions: Signature of the Water Meniscus

In AFM, the force–distance curves (FDCs) provide quantitative acquisitions of forces
acting between the AFM tip and studied sample, at a nanometer scale. FDCs allow for the
probing of the forces inherent to the tip–sample interaction: Van der Waals, electrostatic,
adhesion or mechanical forces [37,38]. More particularly, when the tip retracts from the
surface, the adhesion signal between the AFM tip and surface represents the superposition
of forces due to the electrostatic force Fel, the Van der Waals force FVdW, the capillary forces
Fcap and chemical bonds or acid–base interactions Fchem. Fcap depends on the relative
humidity and the tip/sample hydrophobicity, and Fel could modify the water meniscus
shape around the tip.

In spectroscopy mode (acquisition on a unique pixel without scanning), AFM FDC
were recorded. During the tip–sample approach and retract movements, by measuring the
AFM cantilever deflection, the force F follows this relation:

F = kSd (4)

with k the experimental spring constant of the cantilever, S the sensitivity of the AFM
cantilever and d is the laser deflection induced by AFM cantilever bending.

Experimental results are shown in Figure 3: the AFM apex interacts with the surface
of the SiC in ambient conditions, with and without negative bias. Approach and retract
curves are reported. These experiments were done for the SiC epitaxial layer with a doping
level of 4 × 1017 at/cm3. Without polarization, far from the SiC surface, the force applied
to the AFM cantilever is zero. During the approach, when the tip is close to the surface,
the Van der Waals attractive force occurs. The following linear relationship between force
and Z position is characteristic of the mechanical properties of the sample surface. In a
second step, when the tip is retracted from the surface, the adhesion force increases the
spring constant of the cantilever and a supplementary force is needed to pull off the tip
from the surface. For our experiment without bias (Figure 3a), a significant adhesion force
of 1.9 nN was measured. As the Van der Waals force is low (not observed in the approach
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curve), the adhesion force is mainly related to capillary condensation (Fchem is lower than
FVdW). When a negative DC bias voltage of −10 V is applied on the tip (sample back-side
is grounded), a modification of the FDC is observed (Figure 3b). During the tip approach,
a curvature of the FDC upon contact is detected. This attractive force corresponds to the
long-range electrostatic force. Indeed, an attractive electrostatic force of around 0.8 nN was
measured at the contact point. During the retract movement, the adhesion force needed for
pull-off increases to 3 nN (compared to the curve without polarization), which corresponds
to an enhancement factor close to 1.5. This AFM measurement proves that a nanomeniscus
is present around the tip, leading to a supplementary, strong adhesive force [39,40]. When
a negative VDC is applied to the AFM probe, the generated local electric field induces
the growth of the water meniscus located around the tip. The FDC modification under
electric bias is related to the increase in the electrostatic force and interaction with the liquid
meniscus formed by capillary condensation at the tip–sample contact around the AFM
tip. Schematics of the water bridge (capillary condensation) around the conductive AFM
tip are shown in Figure 3. From the water meniscus breakup distance measured without
and with polarization, the water meniscus volume is increased by a factor of three under
polarization [41].
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Approach and retract curves are with schematics of the cantilever position, and schematics of the
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The local oxidation growth mechanism of metals, described by the Mott–Cabrera
model [42], is due to the existence of the water nanomeniscus with a high local electric field.
In fact, the local water nanomeniscus bridges the electrical conduction mechanism and
provides the anions to permit the chemical oxidation by driving hydroxyl anions towards
the surface of the sample. In order to determine the electric field distribution in the near
environment of the conductive AFM tip during the contact with the 4H-SiC surface, an
FEM model was developed. The electric field was computed using Equations (1) and (2)
and taking into account the dielectric permittivity of water, air, and the SiOCH and SiC
layers. Figure 4a represents the electric field distribution when the tip is in direct contact
with the SiC surface (i.e., no SiOCH layer) and without a water meniscus. As is expected
in an ideal vision for nanoscale probing, the electric field is limited to the vicinity of the
contact point between the AFM tip and SiC. Inside the SiC sample, an electric field E of
around 8.2 × 108 V/m is obtained under the contact point and is divided by a factor 10 at a
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distance of 20 nm (in depth) away from this point. The presence of the water nanomeniscus
(Figure 4b) fundamentally modifies the electric field distribution around the AFM tip and in
the SiC layer. The electric field at the SiC surface is lowered by a factor of 10 compared to the
results without a water meniscus. It is more homogeneously distributed over the interface
area between the absorbed water and 4H-SiC. However, the field is now concentrated at
the rim of the water meniscus and the interface with the SiC, leading to an enhanced field
at a position, which is not situated under the tip, but given by the extrinsic shape of the
water nanomeniscus.
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With the presence of an oxide layer, the electric field distributions (at the SiC surface
and inside materials) are shown in Figure 4c. An enhancement of the electric field inside
the oxide layer and around the edge of the AFM tip is discerned. Again, the location with
the highest electric field is the point of the rim of the water meniscus at the sample surface.
Profiles of the electric field at the SiC surface, or SiC/oxide interface, in the presence of
a water meniscus, are represented in Figure 4d. The electric field is quasi-constant over
40 nm (i.e., water meniscus width) with a value around 1.5 × 108 V/m. The impact of
the oxide thickness was also studied, and oxide thicknesses from 3 nm to 6 nm were
computed. Results show that the oxide thickness has only a weak influence on the electric
field distribution at SiC surface both in air as well as in the water. It is interesting to note
that the presence of the SiOCH layer decreases only weakly the electric field at the SiC
surface. This implies that the growth of the oxide layer during anodization by the AFM tip
slowly decreases the electric field and is consequently a self-limiting growth phenomenon.
Far from the meniscus, a strong decrease in the field is calculated. These results also imply
that the electric field distribution will be influenced by the shape of the water meniscus
(i.e., the variation of the environmental humidity) and the shape of the tip (i.e., tip ageing
during contact C-AFM measurements) leading to a variety of anodization area sizes and
oxide thicknesses.
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3.2. Electrical Conduction at the Nanoscale

In order to evaluate the effect of the doping level of the SiC layer on the anodization,
different epitaxial layers have been studied. In Figure 5, AFM topographies of the n-doped
4H-SiC sample with different doping layer levels before and after C-AFM measurement
are presented. During C-AFM, a bias of −10 V applied to the conductive tip. The scan
size is 5 µm × 2.5 µm (with a resolution of 512 × 256 pixels). The evolution of the
SIMS profile of the nitrogen doping is superimposed on the AFM mappings as a guide to
the eye. After preparation, the cross-sectional sample presents a low surface roughness.
Indeed, the average surface roughness Ra and root mean square roughness Rq are equal
to 0.5 nm and 0.7 nm, respectively. A surface modification was observed after C-AFM
measurement in the highly doped regions (zones 4, 5 and the substrate), as can be seen
from the topographical maps taken at the same location before and after the measurement
(Figure 5a). Under polarization, the silicon AFM tip could be considered as a cathode and
SiC as an anode. This surface modification is related to the direct oxide growth by LAO. A
zoom view of 1.2 µm × 1.2 µm is reported in Figure 5b. Where the doping concentration is
maximal (zone 5), we observed a change in height of 2.8 nm while an increase in roughness
was observed for the regions with lower doping (zone 4 and substrate). It seems likely
that the local nature of the interaction between sample and tip leads to a pixel-by-pixel
anodization of the surface during the AFM scan and thus an inhomogeneous effect. Where
the doping level is lower (zones 1, 2, 3 and 6 in Figure 5a,b), we did not observe a significant
modification of the sample surface. This is clearest in zone 6, which becomes easy to
distinguish topographically after local anodization. The AFM-LAO intensity correlates
strongly and selectively with the SiC doping level as a result of local surface oxidation due
to negative tip bias during C-AFM scans.
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Figure 5. (a) AFM topographies (5 µm × 2.5 µm) before and after the AFM-LAO for the SiC-doped
staircase sample; the SIMS profile is reported and (b) so is a zoom on the grown oxide.

Figure 6 shows the profiles of the topography along the epilayers before and after
AFM-LAO. Before AFM-LAO, the form of the topography is due to the surface preparation.
Compared to the topography after the C-AFM scan (after AFM-LAO), the change in height
is confirmed for the layers 4, 5 and the SiC substrate. Therefore, the doping level threshold
where LAO appears is is 7 × 1018 at/cm3.

With the C-AFM, the local current can be measured in the spectroscopy mode or
during the scanning measurement. Figure 7 reports the measured current during the tip
approach and retract for the SiC layer with a doping level of 4 × 1017 at/cm3. This curve is
recorded during the experiment presented in Figure 3b (VDC = −10 V). Far from the sample
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surface, no current flows from the tip through the back contact of the sample. After the
tip’s contact with the sample, at z = 1.9 µm, an increase in the current is measured. When
the contact is maintained (i.e., z > 1.9 µm), a current of −2 pA is probed through the tip
and the back contact. During the retract step, the collected current follows the force curve
and current is collected through the water meniscus, even if the physical contact between
the tip and the SiC surface is removed. This signal attests to the collection of the current
through the water meniscus during this approach–retract experiment at VDC = −10 V. As
a consequence of the high electric field, the local current also participates with the LAO
mechanism.
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Figure 6. Profiles of the topography along the epilayers before and after AFM-LAO. The red line
indicated the N concentration from SIMS technique. The doping layers are identified with numbers
from 1 to 6.
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Figure 7. Evolution of the collected C-AFM current during the tip approach and retract with an
applied bias voltage VDC = −10 V. The curve forces are superimposed.

Simultaneously to the recorded topography, the local currents can also be measured.
For the 4H-SiC staircase sample, the current profile along the epilayers are plotted in
Figure 8. As expected, the current depends on the doping level of the SiC layer. To probe
the electrical properties of the grown oxide layer, currents are collected before and after
LAO. For the highest doping level (#5), the decrease in the current after LAO confirms the
insulating behavior of the grown oxide.

To quantify the influence of the doping level on the anodization and on the measured
current by C-AFM, the current density collected by the AFM tip is computed by FEM using
Equations (1) and (3). The current density distributions calculated without oxide and with
an oxide layer are shown in Figure 9a,b, respectively. The resulting currents collected by
the AFM tip for different doping levels are reported in Figure 9c,d. Without the oxide layer,
the current increases by a factor of 10 from the lowest to the highest doping level. Moreover,
depending on this doping level, two regimes can be identified. At low doping (less than
5 × 1018 at/cm3), the current only increases slowly. At a high-doping level (higher than
5 × 1018 at/cm3), the current increases much more drastically. To simulate the effect of the
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LAO, similar simulations are performed for the presence of oxide layers with three different
conductivities (Figure 9d). The oxide presence implies a decrease in the current collected
by the AFM tip with increasing SiOCH thickness. This is consistent with the observed
decrease in the C-AFM current after anodization, as experimentally observed in Figure 8.
Moreover, the FEM approach demonstrates that the influence of the SiOCH thickness is
more pronounced for oxides with high conductivity, which indicates low-quality oxides
with defects or impurities leading to bad insulating properties.

Materials 2023, 16, x FOR PEER REVIEW 10 of 16 
 

 

 
Figure 8. Profiles of the current along the epilayers before and after AFM-LAO. The red line indi-
cated the N concentration from SIMS technique. 

To quantify the influence of the doping level on the anodization and on the measured 
current by C-AFM, the current density collected by the AFM tip is computed by FEM 
using Equations (1) and (3). The current density distributions calculated without oxide 
and with an oxide layer are shown in Figure 9a,b, respectively. The resulting currents 
collected by the AFM tip for different doping levels are reported in Figure 9c,d. Without 
the oxide layer, the current increases by a factor of 10 from the lowest to the highest dop-
ing level. Moreover, depending on this doping level, two regimes can be identified. At 
low doping (less than 5 × 1018 at/cm3), the current only increases slowly. At a high-doping 
level (higher than 5 × 1018 at/cm3), the current increases much more drastically. To simulate 
the effect of the LAO, similar simulations are performed for the presence of oxide layers 
with three different conductivities (Figure 9d). The oxide presence implies a decrease in 
the current collected by the AFM tip with increasing SiOCH thickness. This is consistent 
with the observed decrease in the C-AFM current after anodization, as experimentally 
observed in Figure 8. Moreover, the FEM approach demonstrates that the influence of the 
SiOCH thickness is more pronounced for oxides with high conductivity, which indicates 
low-quality oxides with defects or impurities leading to bad insulating properties. 

Figure 8. Profiles of the current along the epilayers before and after AFM-LAO. The red line indicated
the N concentration from SIMS technique.

Materials 2023, 16, x FOR PEER REVIEW 11 of 16 
 

 

 
Figure 9. (a) FEM simulations of the surface current distribution without the oxide layer and (b) as 
function of SiC doping; −10V is applied on AFM tip. (c) FEM simulation of the surface current dis-
tribution with the oxide layer and (d) evolution of the current collected by AFM tip as function of 
oxide thickness and conductivity. 

A dependence of the anodization with the doping level of the SiC was shown exper-
imentally. According to FEM, this anodization occurs for the conductive regime in which 
the current depends strongly to the doping level. Consequently, anodization and oxide 
growth are favored by high currents flowing through the tip–sample contact and high 
electric field applied to the tip. Indeed, a thicker oxide strongly decreases the current flow-
ing through the SiC and the electric field distribution. Moreover, the FEM results demon-
strate that the decrease in the current during C-AFM measurement is related to the pres-
ence of a poorly insulating SiOCH layer whose conductivity is around 1 S/m. 

4. Results for the SIC-MOSFET 
A commercial SiC-MOSFET is studied, characterized and analyzed. The topography 

acquired on the cross-sectional sample is reported on Figure 10a. The topography reveals 
the SiC MOSFET structure at the die level. The gate (G) and the source (S) contact can be 
recognized. Moreover, around the gate, SiO2, inter-metal dielectric layers and aluminum 
contact for the source can be identified. The mapping of the AFM deflection signal error 
is also reported in Figure 10b, allowing to better appreciate the structure of the device.  

Figure 9. (a) FEM simulations of the surface current distribution without the oxide layer and (b) as
function of SiC doping; −10 V is applied on AFM tip. (c) FEM simulation of the surface current
distribution with the oxide layer and (d) evolution of the current collected by AFM tip as function of
oxide thickness and conductivity.

A dependence of the anodization with the doping level of the SiC was shown experi-
mentally. According to FEM, this anodization occurs for the conductive regime in which the
current depends strongly to the doping level. Consequently, anodization and oxide growth
are favored by high currents flowing through the tip–sample contact and high electric field
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applied to the tip. Indeed, a thicker oxide strongly decreases the current flowing through
the SiC and the electric field distribution. Moreover, the FEM results demonstrate that the
decrease in the current during C-AFM measurement is related to the presence of a poorly
insulating SiOCH layer whose conductivity is around 1 S/m.

4. Results for the SiC-MOSFET

A commercial SiC-MOSFET is studied, characterized and analyzed. The topography
acquired on the cross-sectional sample is reported on Figure 10a. The topography reveals
the SiC MOSFET structure at the die level. The gate (G) and the source (S) contact can be
recognized. Moreover, around the gate, SiO2, inter-metal dielectric layers and aluminum
contact for the source can be identified. The mapping of the AFM deflection signal error is
also reported in Figure 10b, allowing to better appreciate the structure of the device.
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In Figure 11, the surface topography evolution for successive C-AFM acquisitions is
presented. For all measurements, a negative voltage of −10 V is applied to the AFM tip
during scanning. By comparing with the acquisition before applying the negative voltage,
the AFM acquisition of the topography reveals new areas with a higher topographic
contrast. These news areas are the oxide created during the local oxidation of the SiC.
Very interestingly, the areas are located on both sides of the MOS channel, at the location
of the highly n-type-doped layers (Figure 11a). For the less-doped regions (for example,
the n-drift layer), no oxide formation was detected for the used experimental parameters,
as expected from the results of the previous section showing the strong dependence on
the SiC doping level. For the second (Figure 10b) and the third (Figure 11c) scans with
negative bias, the zones showing a local oxidation stay the same, but with an enhancement
of the LAO effect. During successive scans, for the LAO oxide growth, two mechanisms are
involved: (i) the decreasing of the current density in the water meniscus which decreases
OH− transport to the anode and (ii) a diffusion barrier for OH− to reach the SiC surface.
This implies that oxide growth is an auto-limiting effect.

In addition, to reveal the nature of the grown oxide by LAO, a selective wet chemical
etching is performed on the sample. A highly concentrated solution of potassium hydroxide
(KOH, 2M) is used to dissolve SiO2. This choice of the etching solution was made so as to
slowly etch the pure SiO2 layers in order to avoid as much as possible a surface degradation
of the sample, and at the same time, preserve the pure SiC zones [43], which will act as
reference zones for the evaluation of the height changes. The sample is immerged for
around 10 min in the solution at room temperature. Topographies are recorded before and
after the etching. For this experiment, in order to improve the resolution of the topography
scan, the Scan Asyst mode is used with a AFM tip with a radius of 2 nm. Figure 12a,b
show the impact of the KOH etching on the cross-section after LAO, in the areas cobining
the anodic oxide layers on the highly doped SiC situated just below the SiO2 gate oxide.
The comparision of the topography profiles (Figure 12c) along the axes indicated in the
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respective figures before and after etching highligths a small effect on the SiO2 gate oxide,
which is more important than on the oxide layer grown by LAO. The fact that the LAO-
grown oxide is etched more slowly than pure SiO2 is a strong indication that the oxide
layer grown by LAO is mainly a SiOCH layer.
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Figure 12. Topographies (a) before, (b) after the etching and (c) comparison of the profiles along the
AB line after and before etching. The scan size is 6 µm × 6 µm. S is the source and G the gate of the
SiC MOSFET.
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5. Conclusions

The signature of the presence of a water meniscus on the AFM observation of SiC
local electrical properties and the surface anodization was determined by FEM simulations
and C-AFM measurements. The evaluation of the electric field and the current density
highlights the influence of the water meniscus, but also of the oxide surface layer, as well as
the doping level of the SiC. Being strongly dependent on the details of the water meniscus,
the influence of extrinsic parameters, for example, the air humidity, is shown, explaining
the scattering of reported experimental results. The simulation results are confirmed by
AFM measurements, where the influence of the doping level and its threshold value of
7 × 1018 at/cm3 for anodization was identified on epitaxial SiC staircase samples with
gradual doping. For the COTS SiC MOSFETs, the anodization is present only on the
highly doped areas of this complex structure, which can therefore be identified by simple
topographical measurements after the application of a sufficiently high field through the
AFM tip. The auto-limiting effect LAO oxide growth is also characterized by the study of the
consecutive scans. However, the SiOCH nature of the oxide grown by surface anodization
was demonstrated by selective KOH etching. This investigation highlights the LAO effect
for doped SiC and demonstrates that this effect must be taken into account during electrical
AFM measurements, in particular, in the case of successive scans This result could also
provide a basis for the design and fabrication of AFM-oxidized nanostructures, using
doping as an oxidation mask.
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Abstract: Epitaxial bilayer graphene, grown by chemical vapor deposition on SiC substrates with-
out silicon sublimation, is crucial material for graphene field effect transistors (GFETs). Rigorous
characterization methods, such as atomic force microscopy and Raman spectroscopy, confirm the
exceptional quality of this graphene. Post-nanofabrication, extensive evaluation of DC and high-
frequency properties enable the extraction of critical parameters such as the current gain (fmax) and
cut-off frequency (ft) of hundred transistors. The Raman spectra analysis provides insights into
material property, which correlate with Hall mobilities, carrier densities, contact resistance and sheet
resistance and highlights graphene’s intrinsic properties. The GFETs’ performance displays disper-
sion, as confirmed through the characterization of multiple transistors. Since the Raman analysis
shows relatively homogeneous surface, the variation in Hall mobility, carrier densities and contact
resistance cross the wafer suggest that the dispersion of GFET transistor’s performance could be
related to the process of fabrication. Such insights are especially critical in integrated circuits, where
consistent transistor performance is vital due to the presence of circuit elements like inductance,
capacitance and coplanar waveguides often distributed across the same wafer.

Keywords: bilayer graphene; silicon carbide; field effect transistors; nanofabrication; Raman spectra
analysis; DC and RF characterizations

1. Introduction

Graphene is considered one of the most famous two-dimensional (2D) materials of this
century [1–4]. This honeycomb carbon atom lattice exhibits extraordinary electrical [5,6],
optical [7], thermal [8] and mechanical [9] properties and attracts huge attention for a wide
panel of device applications, especially for radio-frequency transistors on rigid or on flexible
substrate [4,10–12]. Since 2004, researchers continue improving the technique of growth,
either by exfoliation [13–15] or by chemical vapor deposition (CVD). The most common
technique used to grow graphene is using CVD on copper and transferring the carbon
monolayer to a host substrate [16,17]. However, efforts remain to be made regarding the
reliability and the reproducibility of the quality after transfer due to the cracks, wrinkles and
residues, as reported by Smith et al. [18]. Another alternative is to grow graphene by CVD
directly on SiC substrate by graphitization or by epitaxial growth without SiC sublimation
or by hydrogen intercalation [19–25]. Besides the large-scale fabrication, the main advantage
of CVD on SiC is to avoid the transfer from copper and improve the electronic properties
of the material by using hydrogen intercalation, as reported by Ciuk et al. [26,27]. One of
the advantages of the bilayer graphene on SiC substrate is overcoming the lack of a band
gap; other possibilities reported in the literature include introducing defects, doping, strain
and chemical bounding to the substrate [28–30]. Furthermore, the bilayer graphene field
effect transistors (GFETs) on SiC have demonstrated better performances than monolayer
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GFETs [31]. The 100 nm gate length (Lg) and 2 × 4 µm channel length (Wg) transistor
exhibits 60 GHz of extrinsic current gain cut-off frequency fT_extr and 25 GHz of maximum
frequency of oscillation fmax_extr, and by annealing the bilayer graphene in hydrogen, the
performance can be enhanced and reach fT_extr = 70 GHz and fmax_extr = 120 GHz for
Lg = 60 nm and Wg = 2 × 8 µm [32]. To analyze graphene properties, the standard non-
destructive techniques used are (i) the atomic force microscopy AFM that give information
about surface morphology including defects like holes, wrinkles or grain boundaries
(ii) Raman spectroscopy which provides information about the number of layers, doping,
strain and disorders in the graphene surface [33,34]. A new specific technique is non-
contact Terahertz time domain spectroscopy. This complementary technique gives large
scale information about mobility and carrier density [35].

The motivation behind this study goes beyond evaluating the RF performance of a
single transistor. It also emphasizes the reproducibility of transistor performance across a
large area, investigating whether the growth was uniform and the process reproducible. Un-
derstanding the material’s properties and analyzing the local properties, mobility, contact
resistance and their impact on device performance is crucial for enhancing the reliability
and uniformity of transistors in integrated circuits.

In this work, we report the fabrication process of bilayer graphene field effect tran-
sistors. Initially, we verify the quality of the graphene samples before fabrication using
AFM and Raman spectroscopy. Post-fabrication, we conduct further analysis using Raman
spectroscopy, Hall mobility and TLM measurements to assess the local properties and the
homogeneity of the samples. To evaluate device performance across the entire wafer, we
performed DC and RF characterizations on hundreds of transistors. The RF performance
data were then compared with the local properties of the samples, supporting a conclusion
about device variability across the wafer. Our findings demonstrate significant performance
variation across the wafer. The average <ft>/<fmax> ranged from 3/0.5 GHz in cell 4 to
16/11 GHz in cell 7 for devices with Lg = 200 nm and Wg = 2 × 30 µm. Notably, the devices
in cell 7 and 8, which exhibited the best performance, also had the lowest contact resistance.
This work highlights the important role of the fabrication process in the RF performance
variability of graphene FETs fabricated from high-quality epitaxial bilayer graphene on a
SiC substrate.

2. Materials and Methods

Epitaxial bilayer graphene was synthesized by chemical vapor deposition on a 500 µm
thick, high-resistivity 6H-SiC (0001) substrate using a commercial horizontal CVD hot
wall Aixtron VP508 reactor (Aixtron, Herzogenrath, Germany) equipped with an RF gen-
erator for heating. Prior to growth, in situ etching of the SiC surface was performed
under a hydrogen atmosphere at 1600 ◦C and a chamber pressure of 100 mbar. The car-
bon films were deposited using propane as the carbon precursor. Our method employs
high-temperature and low-argon-pressure CVD, creating laminar argon flow dynamics to
protect the SiC substrate from silicon sublimation and facilitate propane mass transport,
thereby enabling graphene epitaxy, as detailed in references [22,25,26]. The growth process
was followed by in situ hydrogen intercalation at 1000 ◦C in a 900 mbar Ar atmosphere.
The optimization of growth parameters aimed at achieving uniform bilayer graphene.
Before fabrication, initial carrier density and the mobility was provided by Ciuk et al. to be
around +8.3 × 1012 cm−2 and 850 cm2·V−1s−1, respectively. In contrast to the methodol-
ogy described by P. Wehrfritz et al. [36], which utilized a similar SiC substrate, our process
involves unique conditions including high-temperature in situ hydrogen etching and con-
trolled low-argon pressure to prevent silicon sublimation. These optimizations contribute
to the superior uniformity and controlled thickness of our bilayer graphene compared to
prior studies. Notably, our approach introduces an innovative in situ hydrogen intercala-
tion step at 1000 C, enhancing graphene quality, which was not emphasized in previous
literature [36].
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The AFM Bruken Icon model was used on mode tapping to determine the properties,
the material and image of the surface. Image analysis was performed with WSxM5.0 Develop
8.3, a free software. High-resolution electron beam lithography VISTEC EBPG5000Plus was
used for device fabrication. To analyze the local properties of the material, we used a
HORIBA Jobin–Yvon lab system for Raman spectroscopy at a laser wavelength of 473 nm,
using a 1 µm laser spot size and filters to deliver power less than 0.1 mW and ×100 objective
lens to measure the different positions of the sample. HL5500PC was used to carry out
Hall measurement. To measure the DC and RF performance of hundreds of devices,
we used a standard probe station with Microtech’s probes, Semiconductor Analyzer
HP4155A, the Vector Network Analyzer HP4155A and the vector Network Analyzer Rohde
& Schwarz ZVA67.

A. Before fabrication

Primary characterization was performed before fabrication. Figure 1a represents
atomic force microscopy (AFM) images of a 60 × 60 µm2 surface area of graphene observed
at room temperature. The AFM images reveal well-oriented, parallel atomic steps with SiC
terraces approximately 10 µm wide, separated by steps estimated to be a few nanometers
in height. This phenomenon, known as step bunching, occurs during the growth-preceding
in situ hydrogen etching of the SiC surface, as described in reference [27]. Within these
terraces, Figure 1b showcases two distinct surface morphologies. The graphene roughness
within individual terraces has a root mean square (RMS) value of 0.273 nm (Figure 1b,
left) and 0.2406 nm (Figure 1b, right), significantly smoother than the 1 nm roughness
reported in previous studies [36]. Figure 1c shows the SEM image of epitaxial graphene
on the SiC substrate. We observed the graphene surface nucleation on the SiC steps. An
example of a Raman spectroscopy of graphene on SiC and after extracting SiC peaks is
presented in Figure 1d. We observed small intensity of the D peak compared to the G and
2D peaks, indicating a small disorder and defects in the material. Previous work about
Raman studies in graphene on SiO2/Si show that the shape of the 2D peak is an indicator of
the number of layers [37]. For Raman analysis, the nature of the growth (exfoliation, CVD
graphitization, CVD without graphitization) and the type of the substrates (SiO2 or SiC)
can affect the peaks’ position and the value of the full width at half maximum (FWHM),
which enhance the need to have more results about bilayer graphene on SiC [26,38,39].
Here, the full width at the half maximum of the 2D peak is around 59 cm−1, comparable
to the 41–62 cm−1 reported in bilayer graphene on SiC and other substrates [25,37]. In
bilayer graphene, the 2D peak is typically broader and upshifted compared to monolayer
graphene. This broadening is due to the presence of an additional phonon mode in bilayer
graphene, resulting in a more complex 2D band shape [37]. Before fabrication, Raman
spectra was established in three different locations randomly selected on the SiC wafer and
presented in Figure 1e. The Raman spectrum does not change with changing locations.

B. Device fabrication.

The field effect transistors based on graphene were fabricated on a 15 × 15 mm2 SiC
wafer. Figure 2a represents the layout of the device. Each level of the layout is represented
by a different color or contrast and represents a fabrication step of the process. First, the
process is fixed by defining the alignment marks. It follows the etching of the graphene
channel and contacts as a hole for improving contact resistance, as previously reported
in [41,42]. The source and drain contacts were obtained by the standard lift-off process after
evaporating 1.5 nm of nickel and 30 nm of gold metals. Here, a thin layer of nickel (1.5 nm)
was deposited before in order to improve the metal adhesion on the surface. The dual
T-gate with gate length (Lg) were defined by using three layers of poly-meta-methacrylate
(PMMA), as shown in Figure 2b, where three different thicknesses were defined: 160 nm
thick at the bottom part of the T-gate, 720 nm thick at the top part of the T-gate and 130 nm
at the resist followed by electron beam (e-beam) lithography. After the development of
these multilayers’ resists, the gate oxide is deposited using 2 nm of evaporated aluminum
four times, followed by oxidation in ambient air for 24 h. Finally, the coplanar access
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Ni (50 nm)/Au (300 nm) are deposited, followed by lift-off. The cross-section schema of
the final transistor is presented in Figure 2c. The top view of the active part of the final
dual-T-gate-transistor is illustrated in the scanning electron microscopy (SEM) image in
Figure 2d (left) while the cross-section of the gate part was illustrated by the focused ion
beam (FIB) technique in Figure 2d (right) and shows the shape of the final T-gate of the
GFET. A picture of the 15 × 15 mm2 final wafer where there are 8 cells and 458 transistors
is shown in Figure 2e.
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roughness within individual terraces has a root mean square (RMS) value of 0.273 nm 
(Figure 1b, left) and 0.2406 nm (Figure 1b, right), significantly smoother than the 1 nm 
roughness reported in previous studies [36]. Figure 1c shows the SEM image of epitaxial 
graphene on the SiC substrate. We observed the graphene surface nucleation on the SiC 
steps. An example of a Raman spectroscopy of graphene on SiC and after extracting SiC 
peaks is presented in Figure 1d. We observed small intensity of the D peak compared to 
the G and 2D peaks, indicating a small disorder and defects in the material. Previous work 
about Raman studies in graphene on SiO2/Si show that the shape of the 2D peak is an 
indicator of the number of layers [37]. For Raman analysis, the nature of the growth (ex-
foliation, CVD graphitization, CVD without graphitization) and the type of the substrates 
(SiO2 or SiC) can affect the peaks’ position and the value of the full width at half maximum 
(FWHM), which enhance the need to have more results about bilayer graphene on SiC 
[26,38,39]. Here, the full width at the half maximum of the 2D peak is around 59 cm−1, 
comparable to the 41–62 cm−1 reported in bilayer graphene on SiC and other substrates 
[25,37]. In bilayer graphene, the 2D peak is typically broader and upshifted compared to 
monolayer graphene. This broadening is due to the presence of an additional phonon 
mode in bilayer graphene, resulting in a more complex 2D band shape [37] . Before fabri-
cation, Raman spectra was established in three different locations randomly selected on 
the SiC wafer and presented in Figure 1e. The Raman spectrum does not change with 
changing locations. 
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Figure 1. AFM images of bilayer graphene surface on 6H-SiC substrate [40]. (a) 60 × 60 µm2 image
and the blue and red dash square 10 × 10 µm2 is represented in (b). (c) SEM image with 10 µm
scale bare. (d) Raman spectroscopy of graphene on SiC substrate. The black trace is the spectrum of
graphene and SiC, the red trace is the graphene spectrum once SiC Raman peaks are subtracted, the
blue trace is the smoothed spectrum. (e) Raman spectra at different locations (blue, red, and black)
on the SiC wafer.
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Figure 2. (a) A picture of the layout of the device. “+” is source-drain contact layer. (b) A schematic
image representing the step of the realization of the T gate process with the three layers’ resists. (c) A
schematic of the side view of the T gate transistor. (d) (d, left) An SEM image of the transistor in the
end of the process. (d, right) An FIB image of the transistor showing the T-gate structure, Lg = 200 nm.
(e) A photograph of the final devices fabricated on the 15 mm × 15 mm SiC substrate, including
458 transistors and height cells numbered from 1 to 8.

3. Results and Discussion

After fabrication, we conducted an in-depth characterization of the electrical prop-
erties of graphene. The wafer was tested within patterned structures, including Hall
measurements and transmission line measurement (TLM), as illustrated in Figure 3a, across
various cells. Contact and sheet resistance, which represent the resistance as a function of
the distance between contact points (0.5, 1, 2, 4, 16, 24 µm), were extracted from a linear fit
using the TLM method. The y-axis intercept provides the contact resistance (2Rc), while the
slope of the linear fit represents the Rsh ratio to the width of the graphene channel [41,43].
All extracted values of contact resistance and sheet resistance for each cell are presented in
Figure 3d.

To complete the analysis, we acquired seven Raman spectra from each cell of the wafer
and extracted an average Raman spectrum. Figure 3c summarizes the average Raman
spectra representing each cell. Mobility values, carrier densities and Raman peaks are
provided in the table in Figure 3d. It shows a dispersion of values for contact resistance,
sheet resistance, Hall mobility and carrier density across the wafer. The highest Hall
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mobility (626–832 cm2/V·s), carrier densities 18–16 (×1012 cm−2), lowest values of contact
resistance (678–650 Ω·m) and sheet resistance (323–286 Ω/sq) were obtained in the cells
7–8. However, the low value of mobility observed in cells 1–6 is possibly due to the high
contact resistance. The ohmic contact between graphene and metal contacts exhibits large
contact resistance, significantly reducing the apparent mobility of contacted graphene and
hindering its potential in high-frequency applications [42].
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Figure 3. (a) An optical image of the Hall and TLM pattern. (b) The transmission line measurement
(TLM) and the linear fit to extract the correspondent contact resistance and sheet resistance. (c) A
recapitulation of the averaged Raman spectra of graphene on SiC measured in the eight cells of the
wafer. (d) A table summarizing the values of the Hall mobility, carrier densities and Raman peaks’
positions and the full width at the half maximum of the G and 2D peaks. Missing values are due to
faulty components.

From the Raman analysis, the position of the G peak remains consistent across the
wafer, while the full width at the half maximum of the G peak FWHM (G) varies. The
thinnest FWHM (G) is observed in cells 7 and 8. The 2D peak exhibits a blueshift of
approximately 20 cm−1, from 2751 cm−1 in cell 2 to 2731 cm−1 in cell 7. This shift could be
attributed to interlayer coupling effects in bilayer graphene. Ciuk et al. [25] investigated
bilayer CVD graphene on SiC and observed the blueshift of the 2D peak and redshift of the
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G peak due to the strain at the edges of the steps. Moreover, Das et al. [44] demonstrated
that in graphene on SiO2/Si, the position of the G peak increased, while the 2D peak and
the FWHM (G) decreased with increased dopant concentration. Ferrari et al. [37] showed
that the electron and hole doping upshifts and sharpens the G peak. Additionally, graphene
can be doped chemically during fabrication, affecting carrier densities, 2D-peak width and
position. Previous studies have shown that doping increases the 2D position due to the
modification of lattice parameters, which modifies the total number of charges and leads to
a stiffening/softening of the phonons [45]. The analysis of the table in Figure 3d clearly
shows that cells 7–8 present the highest mobility, carrier densities, lowest contact and sheet
resistance and smallest FWHM (G), suggesting favorable prospects for effective device and
circuit applications.

To evaluate the performance of our devices, DC and RF measurements were performed
using a standard probe station with Microtech’s probes, Semiconductor Analyzer HP4155A,
the Vector Network Analyzer HP4155A and the vector Network Analyzer Rohde & Schwarz
ZVA67. A common calibration procedure of Line-Reflect-Reflect-Match (LRRM) for RF
measurements was established before measurements. In total, 195 transistors of the GFETs
were measured.

Figure 4 represents an example of the electrical characterization of a transistor in cell 7
(Figure 2e), with a 200 nm gate length and a 30 × 2 µm channel width. The transfer charac-
teristic IDS as function of VGS at VDS = 1.5 V and the transconductance (gm = dIDS/dVGS)
are shown in Figure 4a. The IDS–VGS curve is non-monotonic. As VGS changes from −3 V
to +3 V, IDS shows a change in slopes initially decreasing, then reversing direction. This
non-monotonic behavior is accurately reflected in the gm curve, calculated as the deriva-
tive of IDS as a function of VGS. The characteristic of decreasing and then increasing gm
is consistent with our observations and not indicative of bipolar behavior as observed
in [46]. The on/off extracted is approximately 1.4, within the VGS range of ±3 V. The peak
gm reaches 4.6 mS (76 mS/mm) at VGS = 1.3 V. The Dirac point is located at VGS higher
than 3 V, suggesting p-type doping in the graphene channel. Figure 4b shows the output
characteristics, sweeping the gate voltage from −2 V to +2 V in 0.5 V steps. The maximum
current is around 53 mA (0.88 mA/µm) at VDS = +1.5 V and VGS = −2 V, with no observed
saturation current. This work investigates graphene’s potential for high-frequency analog
applications, focusing on its high-frequency characteristics rather than switching capability
and looking for it to reach the saturation current. Graphene’s semi-metallic nature results in
a low on/off ratio, which is less critical for RF amplifiers compared to synaptic transistors or
for digital applications [12,46]. Due to its high carrier mobility and conductivity, graphene
excels in GHz frequency operations, maintaining steady current mobility flow at specific
bias points [47].
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Figure 4. Example of DC and RF characteristics of dual T-gate graphene transistor in cell 7 having
gate channel length (Lg) equal to 200 nm and dual-gate width (w) 2 × 30 µm. (a) DC measurement
IDS–VGS and gm–VGS. (b) The voltage transfer characteristics as a function of VGS varying from −2 V
to +2 V by 0.5 V steps. (c) RF characteristic includes the as-measured values of the current gain H21

and the unilateral power gain U as a function of the frequency at VDS = 1.5 V and VGS = 1.3 V. The
cut off frequency ft and the maximum oscillation frequency fmax have been extracted [40].
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The extrinsic RF characterization is reported in Figure 4c. It shows the current gain H21
and the Mason’s gain U of the device in a frequency range of 0.6 to 67 GHz. The maximum
frequency of oscillation (fmax) and the current gain cut-off frequency (ft) are, respectively,
the frequency at which the power gain (U) and the current gain (H21) are equal to 1. The
on-probe measurement of the cut-off frequency and the maximum oscillation frequency
reveal, respectively, ft = 21 GHz and fmax = 18 GHz at VGS = +1 V and the gain curves follow
the slope of 20 dB/decade, as expected. The extrinsic value of the performance is obtained
after the capacitances related to the length of the transmission line of transistor access are
removed [48]. They are, respectively, fT-extr = 62 GHz and fmax-extr remains the same.

These values are comparable to the recent value achieved by [32] in the bilayer
graphene on SiC.

To understand the evolution of RF performance across the eight cells of the full
wafer shown in Figure 5a, we analyzed the average values of ft, fmax and the optimum
gate voltage for each individual cell. The optimum gate voltages for RF measurement
were determined from the gm—VGS characteristic, where the transconductance is at its
maximum. The average gate voltage <VGS> is shown in Figure 5b and represents the mean
gate voltage computed in each cell. The average cut-off frequency <ft> and maximum
oscillation frequency <fmax> are reported in Figure 5c,d, respectively. They clearly show
that the best performance is achieved in cells 7 and 8, with <ft> of 16–14 GHz and <fmax>
of 11–9 GHz, respectively. Figure 5e summarizes the ft and fmax values for each cell as a
function of the optimum gate voltage. Interestingly, the best transistor performances are
obtained in cells 7 and 8 for gate voltages of at least 1 V. This variation in gate voltage may
be attributed to the variation of the dopant across the wafer as mentioned in the Raman
analysis. Additionally, differences in contact resistance across various cells contribute to
the observed variability. To mitigate this issue, implementing a robust cleaning process
is essential to eliminate polymer contamination during fabrication. This approach will
reduce contact resistance, enhance uniformity, and minimize performance variability. It is
important to acknowledge that both contact resistance and graphene quality are important
for overall device performance. However, our study suggests that the RF performance is
immediately limited by contact resistance related to the process of fabrication.

The findings highlight the critical role of the fabrication process in the RF performance
variability of graphene FETs fabricated from high-quality epitaxial bilayer graphene on a
SiC substrate. Despite the material’s exceptional quality, confirmed through AFM and Ra-
man spectroscopy, the observed dispersion in values of Hall mobility, carrier densities and
contact resistance across the wafer suggest that these performance discrepancies result from
the fabrication stages rather than inherent material inconsistencies. This understanding
underscores the need for refined manufacturing techniques to ensure consistent transistor
behavior, which is essential for the reliable operation of integrated circuits that rely on
uniform performance of GFET in wafer scale. The insights gained from this study are es-
sential for advancing GFET technology, particularly in high-frequency applications where
reproducible device characteristics are crucial.
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performance of the transistor is expected. <VGS> is the average value of all the gate voltage measured
in each cell. (c,d) Representation of the average values of the cut-off frequency <ft> and the maximum
oscillation frequency <fmax> computed for each cell. (e) Graph summarizing the evolution of the
on-probe values of ft and fmax as function of the biased gate voltage VGS of the transistors in each cell.

4. Conclusions

In this paper, we fabricated hundreds of bilayer graphene field effect transistors on a
SiC substrate. We provided Raman spectrum analysis combined with the Hall mobility,
carrier densities, contact resistance and sheet resistance toward a 15 mm× 15 mm graphene
wafer. The analyses of local Raman have shown that the 2D peak and the FWHM (G)
changed, as well as the Hall mobility, carrier densities and contact resistance in the wafer.
The analysis of the RF performances was performed and compared to the local properties
of the wafer. It revealed dispersion of the performances and correlation between the RF
performance, contact resistance and Hall mobilities. This work completes the few works
about local Raman investigation on bilayer graphene on SiC and highlights the importance
of local analyses of the properties of the material to evaluate the performance of electronic
devices where large-scale, homogenous and high-quality fabrication of the material is
needed for high-performance circuit.

102



Materials 2024, 17, 3553

Author Contributions: D.F. is the main author of this work. She assumed the design and the
fabrication of the devices, the DC and RF characterizations, as well as the preparation of the graphs of
the manuscript. W.S. provided the graphene material used in this work. The CVD bilayer graphene
used was grown in his research group. E.P. and H.H. initiated this work and contributed to high-
frequency characterizations and interpretations of the results. All authors reviewed and commented
on the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Horizon 2020 Framework Program: GrapheneCore2 785219
and GrapheneCore3 881603.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

Acknowledgments: The authors gratefully acknowledge financial support from the EU FP7-ICT-2013-
FET-F GRAPHENE Flagship project (GrapheneCore2 no. 785219 and GrapheneCore3 n◦ 881603). This
work was also partly supported by the French RENATECH network. D.F. is currently funded from
the European Union’s Horizon 2020 research and innovation program under the Marie Sklodowska
Curie grant agreement (no. 101025770).

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Geim, A.K. Graphene: Status and Prospects. Science 2009, 324, 1530–1534. [CrossRef] [PubMed]
2. Kaul, A.B. Two-dimensional layered materials: Structure, properties, and prospects for device applications. J. Mater. Res. 2014, 29,

348–361. [CrossRef]
3. Ferrari, A.C.; Bonaccorso, F.; Fal’Ko, V.; Novoselov, K.S.; Roche, S.; Bøggild, P.; Borini, S.; Koppens, F.H.L.; Palermo, V.;

Pugno, N.; et al. Science and technology roadmap for graphene, related two-dimensional crystals, and hybrid systems. Nanoscale
2015, 7, 4598–4810. [CrossRef] [PubMed]

4. Zhang, H.; Chhowalla, M.; Liu, Z. 2D nanomaterials: Graphene and transition metal dichalcogenides. Chem. Soc. Rev. 2018, 47,
3015–3017. [CrossRef] [PubMed]

5. Bolotin, K.; Sikes, K.; Jiang, Z.; Klima, M.; Fudenberg, G.; Hone, J.; Kim, P.; Stormer, H. Ultrahigh electron mobility in suspended
graphene. Solid State Commun. 2008, 146, 351–355. [CrossRef]

6. Pizzocchero, F.; Gammelgaard, L.; Jessen, B.S.; Caridad, J.M.; Wang, L.; Hone, J.; Bøggild, P.; Booth, T.J. The hot pick-up technique
for batch assembly of van der Waals heterostructures. Nat. Commun. 2016, 7, 11894. [CrossRef] [PubMed]

7. Koppens, F.H.L.; Mueller, T.; Avouris, P.; Ferrari, A.C.; Vitiello, M.S.; Polini, M. Photodetectors based on graphene, other
two-dimensional materials and hybrid systems. Nat. Nanotechnol. 2014, 9, 780–793. [CrossRef] [PubMed]

8. Balandin, A.A. Thermal properties of graphene and nanostructured carbon materials. Nat. Mater. 2011, 10, 569–581. [CrossRef]
9. Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the elastic properties and intrinsic strength of monolayer graphene. Science

2008, 321, 385–388. [CrossRef]
10. Schwierz, F. Graphene transistors. Nat. Nanotechnol. 2010, 5, 487–496. [CrossRef]
11. Wu, Y.; Jenkins, K.A.; Valdes-Garcia, A.; Farmer, D.B.; Zhu, Y.; Bol, A.A.; Dimitrakopoulos, C.; Zhu, W.; Xia, F.; Avouris, P.; et al.

State-of-the-Art Graphene High-Frequency Electronics. Nano Lett. 2012, 12, 3062–3067. [CrossRef] [PubMed]
12. Schwierz, F. Graphene Transistors: Status, Prospects, and Problems. Proc. IEEE 2013, 101, 1567–1584. [CrossRef]
13. Novoselov, K.S.; Geim, A.K.; Morozov, S.V.; Jiang, D.; Zhang, Y.; Dubonos, S.V.; Grigorieva, I.V.; Firsov, A.A. Electric field effect in

atomically thin carbon films. Science 2004, 306, 666–669. [CrossRef] [PubMed]
14. Novoselov, K.S.; Fal′Ko, V.I.; Colombo, L.; Gellert, P.R.; Schwab, M.G.; Kim, K. A roadmap for graphene. Nature 2012, 490,

192–200. [CrossRef] [PubMed]
15. Tielrooij, K.-J.; Hesp, N.C.H.; Principi, A.; Lundeberg, M.B.; Pogna, E.A.A.; Banszerus, L.; Mics, Z.; Massicotte, M.; Schmidt, P.;

Davydovskaya, D.; et al. Out-of-plane heat transfer in van der Waals stacks through electron–hyperbolic phonon coupling. Nat.
Nanotechnol. 2018, 13, 41–46. [CrossRef] [PubMed]

16. Kim, K.S.; Zhao, Y.; Jang, H.; Lee, S.Y.; Kim, J.M.; Kim, K.S.; Ahn, J.-H.; Kim, P.; Choi, J.-Y.; Hong, B.H. Large-scale pattern growth
of graphene films for stretchable transparent electrodes. Nature 2009, 457, 706–710. [CrossRef] [PubMed]

17. Deokar, G.; Avila, J.; Razado-Colambo, I.; Codron, J.-L.; Boyaval, C.; Galopin, E.; Asensio, M.-C.; Vignaud, D. Towards high
quality CVD graphene growth and transfer. Carbon 2015, 89, 82–92. [CrossRef]

18. Smith, A.D.; Wagner, S.; Kataria, S.; Malm, B.G.; Lemme, M.C.; Ostling, M. Wafer-Scale Statistical Analysis of Graphene
FETs—Part I: Wafer-Scale Fabrication and Yield Analysis. IEEE Trans. Electron. Devices 2017, 64, 3919–3926. [CrossRef]

19. Berger, C.; Song, Z.M.; Li, T.B.; Li, X.B.; Ogbazghi, A.Y.; Feng, R.; Dai, Z.N.; Marchenkov, A.N.; Conrad, E.H.; First, P.N.; et al.
Ultrathin Epitaxial Graphite: 2D Electron Gas Properties and a Route toward Graphene-based Nanoelectronics. J. Phys. Chem. B
2004, 108, 19912–19916. [CrossRef]

103



Materials 2024, 17, 3553

20. Wu, Y.Q.; Ye, P.D.; Capano, M.A.; Xuan, Y.; Sui, Y.; Qi, M.; Cooper, J.A.; Shen, T.; Pandey, D.; Prakash, G.; et al. Top-gated graphene
field-effect-transistors formed by decomposition of SiC. Appl. Phys. Lett. 2008, 92, 092102. [CrossRef]

21. Ferrer, F.J.; Moreau, E.; Vignaud, D.; Godey, S.; Wallart, X. Atomic scale flattening, step formation and graphitization blocking on
6H- and 4H-SiC{0 0 0 1} surfaces under Si flux. Semicond. Sci. Technol. 2009, 24, 125014. [CrossRef]

22. Strupinski, W.; Grodecki, K.; Wysmolek, A.; Stepniewski, R.; Szkopek, T.; Gaskell, P.E.; Grüneis, A.; Haberer, D.; Bozek, R.;
Krupka, J.; et al. Graphene Epitaxy by Chemical Vapor Deposition on SiC. Nano Lett. 2011, 11, 1786–1791. [CrossRef] [PubMed]

23. Guo, Z.; Dong, R.; Chakraborty, P.S.; Lourenco, N.; Palmer, J.; Hu, Y.; Ruan, M.; Hankinson, J.; Kunc, J.; Cressler, J.D.; et al. Record
Maximum Oscillation Frequency in C-Face Epitaxial Graphene Transistors. Nano Lett. 2013, 13, 942–947. [CrossRef] [PubMed]

24. Pallecchi, E.; Lafont, F.; Cavaliere, V.; Schopfer, F.; Mailly, D.; Poirier, W.; Ouerghi, A. High Electron Mobility in Epitaxial Graphene
on 4H-SiC(0001) via post-growth annealing under hydrogen. Sci. Rep. 2014, 4, 4558. [CrossRef] [PubMed]

25. Ciuk, T.; Cakmakyapan, S.; Ozbay, E.; Caban, P.; Grodecki, K.; Krajewska, A.; Pasternak, I.; Szmidt, J.; Strupinski, W. Step-edge-
induced resistance anisotropy in quasi-free-standing bilayer chemical vapor deposition graphene on SiC. J. Appl. Phys. 2014,
116, 123708. [CrossRef]

26. Ciuk, T.; Caban, P.; Strupinski, W. Charge carrier concentration and offset voltage in quasi-free-standing monolayer chemical
vapor deposition graphene on SiC. Carbon 2016, 101, 431–438. [CrossRef]

27. Ciuk, T.; Strupinski, W. Statistics of epitaxial graphene for Hall effect sensors. Carbon 2015, 93, 1042–1049. [CrossRef]
28. Zhou, S.; Gweon, G.-H.; Fedorov, A.; First, P.N.; De Heer, W.A.; Lee, D.-H.; Guinea, F.; Neto, A.H.C.; Lanzara, A. Substrate-induced

bandgap opening in epitaxial graphene. Nat. Mater. 2007, 6, 770–775, Corrigendum in 2007, 6, 916. [CrossRef]
29. Zhang, Y.; Tang, T.-T.; Girit, C.; Hao, Z.; Martin, M.C.; Zettl, A.; Crommie, M.F.; Shen, Y.R.; Wang, F. Direct observation of a widely

tunable bandgap in bilayer graphene. Nature 2009, 459, 820–823. [CrossRef]
30. Xu, X.; Liu, C.; Sun, Z.; Cao, T.; Zhang, Z.; Wang, E.; Liu, Z.; Liu, K. Interfacial engineering in graphene bandgap. Chem. Soc. Rev.

2018, 47, 3059–3099. [CrossRef]
31. He, Z.-Z.; Yang, K.-W.; Yu, C.; Liu, Q.-B.; Wang, J.-J.; Song, X.-B.; Han, T.-T.; Feng, Z.-H.; Cai, S.-J. Comparative Study of Monolayer

and Bilayer Epitaxial Graphene Field-Effect Transistors on SiC Substrates. Chin. Phys. Lett. 2016, 33, 086801. [CrossRef]
32. Yu, C.; He, Z.Z.; Song, X.B.; Liu, Q.B.; Han, T.T.; Dun, S.B.; Wang, J.J.; Zhou, C.J.; Guo, J.C.; Lv, Y.J.; et al. Improvement of the

Frequency Characteristics of Graphene Field-Effect Transistors on SiC Substrate. IEEE Electron. Device Lett. 2017, 38, 1339–1342.
[CrossRef]

33. Neumann, C.; Reichardt, S.; Venezuela, P.; Drögeler, M.; Banszerus, L.; Schmitz, M.; Watanabe, K.; Taniguchi, T.; Mauri, F.;
Beschoten, B.; et al. Raman spectroscopy as probe of nanometre-scale strain variations in graphene. Nat. Commun. 2015, 6, 8429.
[CrossRef] [PubMed]

34. Long, F.; Yasaei, P.; Sanoj, R.; Yao, W.; Král, P.; Salehi-Khojin, A.; Shahbazian-Yassar, R. Characteristic Work Function Variations of
Graphene Line Defects. ACS Appl. Mater. Interfaces 2016, 8, 18360–18366. [CrossRef] [PubMed]

35. Buron, J.D.; Pizzocchero, F.; Jepsen, P.U.; Petersen, D.H.; Caridad, J.M.; Jessen, B.S.; Booth, T.J.; Bøggild, P. Graphene mobility
mapping. Sci. Rep. 2015, 5, 12305. [CrossRef] [PubMed]

36. Wehrfritz, P.; Fromm, F.; Malzer, S.; Seyller, T. Quasi-freestanding epitaxial graphene transistor with silicon nitride top gate. J.
Phys. D Appl. Phys. 2014, 47, 305103. [CrossRef]

37. Ferrari, A.C. Raman spectroscopy of graphene and graphite: Disorder, electron–phonon coupling, doping and nonadiabatic
effects. Solid State Commun. 2007, 143, 47–57. [CrossRef]

38. Wang, Y.Y.; Ni, Z.H.; Yu, T.; Shen, Z.X.; Wang, H.M.; Wu, Y.H.; Chen, W.; Wee, A.T.S. Raman Studies of Monolayer Graphene: The
Substrate Effect. J. Phys. Chem. C 2008, 112, 10637–10640. [CrossRef]

39. Röhrl, J.; Hundhausen, M.; Emtsev, K.V.; Seyller, T.; Graupner, R.; Ley, L. Raman spectra of epitaxial graphene on SiC(0001). Appl.
Phys. Lett. 2008, 92, 201918. [CrossRef]

40. Fadil, D.; Wei, W.; Deng, M.; Fregonese, S.; Strupinski, W.; Pallecchi, E.; Happy, H. 2D-Graphene Epitaxy on SiC for RF Application:
Fabrication, Electrical Characterization and Noise Performance. In Proceedings of the 2018 IEEE/MTT-S International Microwave
Symposium—IMS, Philadelphia, PA, USA, 10–15 June 2018; pp. 228–231.

41. Passi, V.; Gahoi, A.; Ruhkopf, J.; Kataria, S.; Vaurette, F.; Pallecchi, E.; Happy, H.; Lemme, M.C. Contact resistance Study of
“edge-contacted” metal-graphene interfaces. In Proceedings of the ESSDERC 2016—46th European Solid-State Device Research
Conference, Lausanne, Switzerland, 12–15 September 2016; pp. 236–239.

42. Anzi, L.; Mansouri, A.; Pedrinazzi, P.; Guerriero, E.; Fiocco, M.; Pesquera, A.; Centeno, A.; Zurutuza, A.; Behnam, A.;
A Carrion, E.; et al. Ultra-low contact resistance in graphene devices at the Dirac point. 2D Mater. 2018, 5, 025014. [CrossRef]

43. Watanabe, E.; Conwill, A.; Tsuya, D.; Koide, Y. Low contact resistance metals for graphene based devices. Diam. Relat. Mater.
2012, 24, 171–174. [CrossRef]

44. Das, A.; Pisana, S.; Chakraborty, B.; Piscanec, S.; Saha, S.K.; Waghmare, U.V.; Novoselov, K.S.; Krishnamurthy, H.R.; Geim, A.K.;
Ferrari, A.C.; et al. Monitoring dopants by Raman scattering in an electrochemically top-gated graphene transistor. Nat.
Nanotechnol. 2008, 3, 210–215. [CrossRef]

45. Bruna, M.; Ott, A.K.; Ijäs, M.; Yoon, D.; Sassi, U.; Ferrari, A.C. Doping Dependence of the Raman Spectrum of Defected Graphene.
ACS Nano 2014, 8, 7432–7441. [CrossRef]

46. Ni, Y.; Ma, M.; Wei, H.; Gong, J.; Han, H.; Liu, L.; Xu, Z.; Xu, W. Multiplexed neurotransmission emulated for emotion control.
Nano Energy 2021, 86, 106038. [CrossRef]

104



Materials 2024, 17, 3553

47. Asad, M.; Bonmann, M.; Yang, X.; Vorobiev, A.; Jeppson, K.; Banszerus, L.; Otto, M.; Stampfer, C.; Neumaier, D.; Stake, J. The
Dependence of the High-Frequency Performance of Graphene Field-Effect Transistors on Channel Transport Properties. IEEE J.
Electron. Devices Soc. 2020, 8, 457–464. [CrossRef]

48. Nougaret, L.; Happy, H.; Dambrine, G.; Derycke, V.; Bourgoin, J.-P.; Green, A.A.; Hersam, M.C. 80 GHz field-effect transistors
produced using high purity semiconducting single-walled carbon nanotubes. Appl. Phys. Lett. 2009, 94, 243505. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

105



Citation: Schilirò, E.; Fiorenza, P.; Lo

Nigro, R.; Galizia, B.; Greco, G.; Di

Franco, S.; Bongiorno, C.; La Via, F.;

Giannazzo, F.; Roccaforte, F. Al2O3

Layers Grown by Atomic Layer

Deposition as Gate Insulator in

3C-SiC MOS Devices. Materials 2023,

16, 5638. https://doi.org/10.3390/

ma16165638

Academic Editor: Alexander A.

Lebedev

Received: 1 August 2023

Revised: 10 August 2023

Accepted: 14 August 2023

Published: 15 August 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Al2O3 Layers Grown by Atomic Layer Deposition as Gate
Insulator in 3C-SiC MOS Devices
Emanuela Schilirò *, Patrick Fiorenza , Raffaella Lo Nigro, Bruno Galizia , Giuseppe Greco ,
Salvatore Di Franco, Corrado Bongiorno, Francesco La Via , Filippo Giannazzo and Fabrizio Roccaforte

Consiglio Nazionale delle Ricerche, Istituto per la Microelettronica e Microsistemi (CNR-IMM), Strada VIII 5,
Zona Industriale, 95121 Catania, Italy; patrick.fiorenza@imm.cnr.it (P.F.); raffaella.lonigro@imm.cnr.it (R.L.N.);
bruno.galizia@imm.cnr.it (B.G.); giuseppe.greco@imm.cnr.it (G.G.); salvatore.difranco@imm.cnr.it (S.D.F.);
corrado.bongiorno@imm.cnr.it (C.B.); francesco.lavia@imm.cnr.it (F.L.V.); filippo.giannazzo@imm.cnr.it (F.G.);
fabrizio.roccaforte@imm.cnr.it (F.R.)
* Correspondence: emanuela.schiliro@imm.cnr.it

Abstract: Metal-oxide-semiconductor (MOS) capacitors with Al2O3 as a gate insulator are fabricated
on cubic silicon carbide (3C-SiC). Al2O3 is deposited both by thermal and plasma-enhanced Atomic
Layer Deposition (ALD) on a thermally grown 5 nm SiO2 interlayer to improve the ALD nucleation
and guarantee a better band offset with the SiC. The deposited Al2O3/SiO2 stacks show lower nega-
tive shifts of the flat band voltage VFB (in the range of about −3 V) compared with the conventional
single SiO2 layer (in the range of −9 V). This lower negative shift is due to the combined effect of the
Al2O3 higher permittivity (ε = 8) and to the reduced amount of carbon defects generated during the
short thermal oxidation process for the thin SiO2. Moreover, the comparison between thermal and
plasma-enhanced ALD suggests that this latter approach produces Al2O3 layers possessing better
insulating behavior in terms of distribution of the leakage current breakdown. In fact, despite both
possessing a breakdown voltage of 26 V, the T-ALD Al2O3 sample is characterised by a higher current
density starting from 15 V. This can be attributable to the slightly inferior quality (in terms of density
and defects) of Al2O3 obtained by the thermal approach and, which also explains its non-uniform
dC/dV distribution arising by SCM maps.

Keywords: high-κ; dielectrics; ALD; WBG; 3C-SiC

1. Introduction

The cubic polytype of silicon carbide (3C-SiC) has a smaller energy gap (Eg = 2.36 eV) [1,2]
compared to the hexagonal 4H-SiC (Eg = 3.26 eV) [3], but it possesses a higher electron mobility
and saturation velocity [4–8]. Moreover, it exhibits a larger conduction band offset (3.7 eV) [9]
with SiO2 than 4H-SiC (2.7 eV). Hence, differently from the 4H-SiC/SiO2 system where they
are aligned with the conduction band edge of 4H-SiC, the near-interface-oxide-traps (NIOTs)
inside the insulator in the 3C-SiC/SiO2 system lie above the Fermi level and hence they are
electrically inactive [10,11]. Furthermore, the lower position of the 3C-SiC conduction band
edge with respect to the SiO2 conduction band edge results immune to the interface states
that are peculiar of the SiO2/4H-SiC interface [6]. This can lead to a higher inversion electron
channel mobility (>200 cm2 V−1 s−1 [12]) in 3C-SiC Metal-Oxide-Semiconductor Field-Effect
Transistors (MOSFETs) compared to those fabricated using the 4H-poly-type.

Silicon dioxide (SiO2) is the native oxide of SiC that can be obtained by a thermal
oxidation process of the material [13,14]. However, its electrical behavior is adversely
affected by the large number of defects [9,15] (e.g., carbon clusters and dangling bonds
produced during oxidation), which results in a large negative shift of the flat band voltage
(VFB) [8,16,17]. Another issue is the response of the MOS system to the application of
high voltages. In particular, in blocking configuration, the distribution of the electric field
inside the insulator (Eins) and the semiconductor (Es) can be expressed by the Gauss’ law,
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Eins = (κs/κins)Es, where κins and κs are the insulator and semiconductor permittivity
values. Considering the permittivity values of SiO2 (3.9) and 3C-SiC (9.7), the SiO2 layer is
subjected to an electric field 2.5 higher than 3C-SiC. Hence, the SiO2 gate insulator reliability
is seriously compromised under high electric field. Moreover, using SiO2 does not enable
full exploitation of the high critical field of the underlying 3C-SiC substrate. Consequently,
thicker drift layer must be used, which in turn increases the total device on-resistance [18].

Insulators with high permittivity (the so-called “high-κ”) can be a solution to overcome
this limitation due to the better distribution of the electric field in the MOS system, which
offers safer operating conditions in high voltage applications. Al2O3 is a suitable high-κ
oxide due to its permittivity value (κ ~ 9), good thermal stability and relatively large band
gap (~7 eV) [19–23]. The Atomic Layer Deposition (ALD) [24,25] is the best technique for
the deposition of Al2O3 thin layers with optimal thickness control, uniformity on large
area, and high-quality interface [26–28]. The ALD growth of Al2O3 thin films on SiC can
be improved by the insertion of a nanometric SiO2 interlayer (IL), which provides a larger
amount of active nucleation sites than the bare SiC surface. Moreover, the introduction
of SiO2 IL between Al2O3 and SiC is also convenient to guarantee a larger conduction
band offset and finally to better prevent leakage phenomena [29,30]. To date, the Al2O3
deposited by ALD as gate dielectric on 3C-SiC is completely unexplored. Actually, it has
been adopted by R. Oka et al. [16] only as a thin interlayer between SiO2 and 3C-SiC to
improve the structural quality of their interface.

In this work, we report on the Al2O3 thin film growth by ALD as an alternative
insulator layer for 3C-SiC MOS capacitors using a very thin SiO2 film as IL. In particular, the
structural properties of Al2O3/SiO2 stacks, of their interfaces on the underlying 3C-SiC but
also their electrical behavior have been investigated by comparing the two different ALD
approaches, namely the thermal (T-) and plasma-enhanced (PE-) ALD processes [31,32].
Both approaches allow obtaining good quality high-κ dielectrics. However, some literature
works [16,22,23,31,33,34] report on slight differences both in the quality of the grown high-
κ and in its interfacial properties, directly related to the different oxidation mechanism
between the two methods. In particular, the studies conducted on other semiconductor
materials [16,32] suggest that the more reactive action of the O2-plasma produces Al2O3
layers characterised by a higher mass density and lower amounts of the undesired carbon
contaminations and unreacted OH- groups, which could act as active centres for electron
trapping [35].

Furthermore, the combination of several characterisation techniques, i.e., morphological-
structural and electrical—either at a macroscopic scale or at a nano-scale—allowed the full
comprehension of the insulating properties of the differently ALD deposited Al2O3 films.

2. Materials and Methods

A 10.2 µm thick 3C-SiC grown by chemical vapour deposition on Si (100) was em-
ployed as substrate [36]. Prior to the oxidation process, the 3C-SiC substrates were cleaned
for ten minutes in an H2SO4:H2O2 = 3:1 solution followed by ten minutes of etching in an
HF:H2O = 1:5 solution. A 5 nm SiO2 IL was grown by a controlled dry oxidation process at
1150 ◦C for 5 min. Successively, the Al2O3 layers were deposited on SiO2/3C-SiC by either
thermal- or plasma-enhanced ALD using trimethylaluminum (TMA) as an aluminium
precursor and H2O or O2-plasma as co-reactants. Both processes were carried out at the
deposition temperature of 250 ◦C. Meanwhile, the different growth rates of the T-ALD
(~0.9 Å/cycle) and the PE-ALD (~1.2 Å/cycle) involve the use of a different number of
deposition cycles (350 and 250 cycles for T- and PE-, respectively) to grow an A2O3 layer
with the same thickness of 30 nm.

The structural quality of Al2O3/SiO2/3C-SiC stacks and their morphology were inves-
tigated by transmission electron microscopy (TEM) using a FEG-TEM JEOL 2010F (Tokyo,
Japan) microscope and by atomic force microscopy (AFM) using a DI3100 equipment by
Bruker (Billerica, MA, USA) with Nanoscope V controller, respectively. In particular, the
TEM analysis was carried out in cross-section in order to visualize the properties of the
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Al2O3/SiO2 stack layer and their interfaces. For this purpose, cross-sectional specimens
were properly prepared both for T- and PE-Al2O3/SiO2/3C-SiC samples by conventional
mechanical preparation techniques, i.e., including polishing and dimple grinding, followed
by a final thinning with ion milling.

The electrical behaviour of the insulating stacks was evaluated by capacitance-voltage
(C-V) and current-voltage (I-V) measurements carried out on lateral metal-oxide-semicondu
ctor (MOS) capacitors using a Microtech Cascade probe station equipped with a Keysight
B1505 parameter analyser (Santa Rosa, CA, USA). Finally, the nanoscale electrical behaviour
of the systems was monitored my means of scanning capacitance microscopy (SCM).

3. Discussion

The cross-section TEM image reported in Figure 1 illustrates a uniform and amorphous
Al2O3 layer with a thickness of ~30 nm and a sharp interface with the underlying SiO2/3C-
SiC. The SiO2-IL is clearly distinguishable and has a thickness of about 4.5 nm. The
structural properties of Al2O3 and of its interfaces are similar on both T-Al2O3/SiO2/3C-
SiC and PE-Al2O3/SiO2/3C-SiC systems; thus, only the first is reported representatively.
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Lateral MOS capacitors schematically depicted in Figure 2a were fabricated using
photolithography, metal deposition and lift-off processes. The anode of the MOS capacitors
was surrounded by a large-area metal cathode so that its capacitance could be neglected
(Figure 2b). Ni/Au was used as metal electrode. The MOS structures fabricated on
T-Al2O3/SiO2/3C-SiC and PE-Al2O3/SiO2/3C-SiC were probed by C-V measurements,
which are shown in Figure 2c. Both samples provide C-V curves negatively shifted com-
pared to the ideal value VFB = +0.9 V. In particular, the experimental flat band voltage
values were −0.6 V and −3 V for the T-ALD and PE-ALD stacks, respectively. However, as
can be observed in Figure 2c, such negative shifts were smaller compared to that of MOS
capacitor where the insulator was only a thick (40 nm) thermal SiO2 [37]. This experimental
finding is related to the higher dielectric constant of the Al2O3 (κ = 8) with respect to that
of SiO2 (κ = 3.9). In fact, even though the SiO2/3C-SiC interface is similar, in both cases
resulting in analogous amount of effective charge (Neff), this can cause a variation of the
experimental VFB value, moving it toward the ideal one, as expressed by the following
equations:

∆VFB =
qNeff
COX

, (1)
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COX =
ε0 κ

tOX
, (2)

where Neff is the effective trapped charge density, COX is the accumulation capacitance, q is
the electron charge, ε0 is the vacuum dielectric constant, and tOX is the oxide thickness.
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According to Equations (1) and (2), for a constant Neff and an insulating layer thick-
ness, an increased dielectric constant results in a smaller flat band voltage shift ∆VFB.
Furthermore, the lower negative VFB shift of the Al2O3/SiO2/3C-SiC stack can be also
explained by the shorter time for the thermally oxidation process needed to grow a 4.5 nm
SiO2 IL than that needed to grow a 30 nm thick SiO2. In fact, a shorter oxidation time
produces a lower amount of carbon clusters responsible of the negative VFB shift [38]. From
the accumulation capacitance, the dielectric constant κ of the insulating films was estimated
to be ~8 both for T- and PE-Al2O3. As can be seen in Figure 2b, the C-V curves of the PE-
and T-ALD Al2O3/SiO2/3C-SiC are characterised by a different electrical behavior. In fact,
besides the negative flat band voltage shift occurring in both cases, it can be noticed that a
bump was visible in the depletion region of the C-V curve of the PE-ALD sample. Plausibly,
this bump was caused by the occurrence of charge trapping at deep interface states when
increasing the bias [12]. On the other hand, the thermal Al2O3/SiO2/3C-SiC sample is
characterised by a more pronounced stretch-out of the C-V curve. Evidently, the different
nature of the oxidation process (plasma enhanced-PE, and thermal-T) used during the ALD
growth of Al2O3 was responsible for the different electrical quality of the two interfaces.

From the C-V curves, by applying the Terman’s method [39], the interface states (Dit)
distributions were calculated for both T-Al2O3/SiO2/3C-SiC and PE-Al2O3/SiO2/3C-SiC
stacks, which are also reported in Figure 3 in comparison to that of the SiO2/3C-SiC system.
The SiO2/3C-SiC and Al2O3/SiO2/3C-SiC samples exhibited a comparable Dit distribution
in the order of 2 × 1012 cm−2 eV−1 [8]. On the other hand, the PE-Al2O3/SiO2/3C-SiC
sample showed a lower Dit distribution close to the 3C-SiC conduction band edge in the
order of 5 × 1011 cm−2 eV−1, which can be due to the beneficial effect of the O2-plasma
on the defects amount at SiO2/SiC interface [40]. In fact, Kim et al. [30] demonstrated
that for the SiO2/SiC-based devices, the use of a SiO2 growth process assisted by the
highly reactive O2 plasma guarantees the formation of an interface characterised by a lower
amount of defects and more stable SiO bonds. Analogously, in our case, the PE-approach
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used to deposit the Al2O3 could play a similar beneficial effect on the underlying SiO2/SiC
interface.
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Figure 3. Dit distribution of T-Al2O3/SiO2(IL)/3C-SiC and PE-Al2O3/SiO2(IL)/3C-SiC MOS capaci-
tors in comparison with the analogous SiO2/3C-SiC.

The current–voltage (I-V) curves acquired on the T-Al2O3/SiO2/3C-SiC and PE-
Al2O3/SiO2/3C-SiC MOS capacitors are shown in Figure 4. As can be seen, in both
systems, the electrical breakdown occurred at a gate bias of over 26 V. However, while
the PE-Al2O3/SiO2/3C-SiC sample maintained a constant current value of 10−12 A up
to the breakdown, the T-Al2O3/SiO2/3C-SiC sample exhibited a fast raise of the current
starting from 15 V. The leakage current trend occurring across the Al2O3 layer deposited by
thermal mode could be explained by a slightly lower mass density and a higher amount of
-OH and/or -CH3 groups than that deposited by the plasma-enhanced mode due to the
less efficacious oxidation process by the H2O-precursor [41–43]. Moreover, in comparison
to the I-V curve typical of the 3C-SiC capacitor with a 40 nm thick SiO2 as a dielectric
layer (also reported in Figure 4), which exhibited a breakdown voltage of about 20 V, both
T-Al2O3/SiO2 and PE-Al2O3/SiO2 stacks were able to shift the breakdown phenomena
toward higher voltages, over 26 V. The early breakdown of a thick thermal grown SiO2 on
3C-SiC has already been explained by F. Li et al. [44] as a consequence of the large amount
of carbon left during the thermal oxidation process. However, in our case, the use of a short
oxidation process to obtain only a thin IL probably resulted in a smaller amount of carbon
defects to cause the early breakdown.

The electrical behavior of both T- and PE-Al2O3/SiO2/3C-SiC stacks was studied at
the nanoscale by SCM measurement. A schematic representation of the SCM experimental
setup is illustrated in Figure 5a. During the surface scan with a diamond tip, an AC
modulating bias at 100 kHz frequency and with amplitude ∆V = 2 V (below the conduction
regime through the insulator) was applied to the sample, and the capacitance variation ∆C
in response to this modulation was recorded with the SCM sensor. Figure 5b,c show the
AFM morphology of the T- and PE-Al2O3/SiO2/3C-SiC stacks on the portion of the samples
where the SCM maps were acquired. The highly irregular morphology is peculiar of the
3C-SiC material [18], which is characterised by terraces separated by anti-phase boundaries.
The SCM maps of T- and PE-samples are reported in Figure 5d,e. The SCM signal is a result
of the capacitance change (dC/dV) in the local metal-insulator-semiconductor capacitor,
where the metal is the conductive AFM tip. Hence, the SCM response depends on the
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semiconductor characteristics (i.e., doping type and concentration) but also on the insulator
properties (including thickness, interface state density, oxide traps, and permittivity) [45,46].
Considering that both the T- and PE-Al2O3 layers were deposited on the same 3C-SiC
substrate and that they are characterised by an equivalent interface with SiO2 as IL, the
different SCM maps (Figure 5d,e) obtained for the two cases can be correlated to the
different insulator quality. In particular, the SCM map of the T-Al2O3/SiO2/3C-SiC stack,
reported in Figure 5d, shows a non-uniform dC/dV signal distribution visible as the change
in the color gradient from one spot to another. In contrast, the PE- Al2O3/SiO2/3C-SiC stack
reported in Figure 5e exhibits a well-uniform SCM map, with only a small deviating region.
The different SCM responses between T- and PE-systems could be due to the different
structural quality of the Al2O3 layers deposited by the two approaches. In fact, the different
Al2O3 quality, in terms of mass density and/or -OH/-CH3 contaminations, which can
arise by using the different oxidation processes (T- or PE-), determines its charge trapping
behavior and permittivity and, ultimately, the SCM signal. Similar results have been
previously reported for the growth of Al2O3 thin layers on AlGaN/GaN heterostructures
by the two different T-ALD and PE-ALD approaches, where the evolution of the insulating
behavior investigated at the nanoscale upon increasing film thickness clearly indicated a
different nucleation mechanism [16]. Hence, the present investigation at the nano-scale
also confirms the better electrical performance of the PE-Al2O3 layer already observed by
the electrical measurements acquired on the macroscopic capacitors.

Materials 2023, 16, x FOR PEER REVIEW 6 of 10 
 

 

 

Figure 4. I-V measurements of T-Al2O3/SiO2/3C-SiC and PE-Al2O3/SiO2/3C-SiC MOS capacitors in 

comparison with the analogous SiO2/3C-SiC. 

The electrical behavior of both T- and PE-Al2O3/SiO2/3C-SiC stacks was studied at the 

nanoscale by SCM measurement. A schematic representation of the SCM experimental 

setup is illustrated in Figure 5a. During the surface scan with a diamond tip, an AC 

modulating bias at 100 kHz frequency and with amplitude ΔV = 2 V (below the conduction 

regime through the insulator) was applied to the sample, and the capacitance variation 

ΔC in response to this modulation was recorded with the SCM sensor. Figure 5b,c show 

the AFM morphology of the T- and PE-Al2O3/SiO2/3C-SiC stacks on the portion of the 

samples where the SCM maps were acquired. The highly irregular morphology is peculiar 

of the 3C-SiC material [18], which is characterised by terraces separated by anti-phase 

boundaries. The SCM maps of T- and PE-samples are reported in Figure 5d,e. The SCM 

signal is a result of the capacitance change (dC/dV) in the local metal-insulator-

semiconductor capacitor, where the metal is the conductive AFM tip. Hence, the SCM 

response depends on the semiconductor characteristics (i.e., doping type and 

concentration) but also on the insulator properties (including thickness, interface state 

density, oxide traps, and permi�ivity) [45,46]. Considering that both the T- and PE-Al2O3 

layers were deposited on the same 3C-SiC substrate and that they are characterised by an 

equivalent interface with SiO2 as IL, the different SCM maps (Figure 5d,e) obtained for the 

two cases can be correlated to the different insulator quality. In particular, the SCM map 

of the T-Al2O3/SiO2/3C-SiC stack, reported in Figure 5d, shows a non-uniform dC/dV 

signal distribution visible as the change in the color gradient from one spot to another. In 

contrast, the PE- Al2O3/SiO2/3C-SiC stack reported in Figure 5e exhibits a well-uniform 

SCM map, with only a small deviating region. The different SCM responses between T- 

and PE-systems could be due to the different structural quality of the Al2O3 layers 

deposited by the two approaches. In fact, the different Al2O3 quality, in terms of mass 

density and/or -OH/-CH3 contaminations, which can arise by using the different oxidation 

processes (T- or PE-), determines its charge trapping behavior and permi�ivity and, 

ultimately, the SCM signal. Similar results have been previously reported for the growth 

of Al2O3 thin layers on AlGaN/GaN heterostructures by the two different T-ALD and PE-

ALD approaches, where the evolution of the insulating behavior investigated at the 

nanoscale upon increasing film thickness clearly indicated a different nucleation 

mechanism [16]. Hence, the present investigation at the nano-scale also confirms the be�er 

0 5 10 15 20 25 30 35 40
10

-15

1x10
-12

1x10
-9

1x10
-6

1x10
-3

1x10
0

1x10
3

 Thermal Al
2
O

3

 Plasma Al
2
O

3

 SiO
2

 

 

C
u

rr
e
n

t 
(A

)

Gate bias (V)

Figure 4. I-V measurements of T-Al2O3/SiO2/3C-SiC and PE-Al2O3/SiO2/3C-SiC MOS capacitors
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4. Conclusions

The insulating properties of the Al2O3 layers deposited on 3C-SiC both by the thermal-
and plasma-enhanced ALD approaches were investigated. Our results demonstrated that:

• A thin (5 nm) SiO2 IL between the Al2O3 and the 3C-SiC is useful to ensure the quality
of ALD growth and to maximize the insulator/semiconductor band offset;

• The Al2O3 is a valid alternative to the conventional thermally grown single SiO2 as
gate insulator for 3C-SiC MOS-based devices. In fact, the Al2O3 layers showed a high
permittivity (~8), which produced a significant reduction in the negative flat band
voltage shift that is usually observed with SiO2;

• A different electrical behavior was found between thermal- and plasma-enhanced
Al2O3 both by investigations on macroscopic MOS capacitors and at the nanoscale
using SCM analysis. In fact, although both systems ensure an electrical breakdown
over 26 V, the T-Al2O3/SiO2/3C-SiC stack exhibits early leakage phenomena already
from 15 V. Moreover, the T-Al2O3/SiO2/3C-SiC is characterised by a non-uniform
SCM map compared to the PE-Al2O3/SiO2/3C-SiC. This difference can be correlated
to a different Al2O3 quality obtained through the two different oxidation processes (T-
or PE-), resulting in an inhomogeneous charge trapping behavior and permittivity.

These results can be important for the fabrication of 3C-SiC MOSFETs with a positive
turn-on voltage with improved channel conduction properties.
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Abbreviations

ALD Atomic Layer Deposition
T-ALD Thermal-ALD
PE-ALD Plasma Enanched-ALD
NIOTs Near Interface Oxide Traps
MOSFET Metal Oxide Semiconductor Field Effect Transistor
MOS Metal Oxide Semiconductor
IL Interlayer
High-κ High permittivity (κ) dielectrics
TEM Transmission Electron Microscopy
AFM Atomic Force Microscopy
SCM Scanning Capacitance Microscopy
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Abstract: A new cell topology named the dodecagonal (a polygon with twelve sides, short for Dod)
cell is proposed to optimize the gate-to-drain capacitance (Cgd) and reduce the specific ON-resistance
(Ron,sp) of 4H-SiC planar power MOSFETs. The Dod and the octagonal (Oct) cells are used in the
layout design of the 650 V SiC MOSFETs in this work. The experimental results confirm that the Dod-
cell MOSFET achieves a 2.2× lower Ron,sp, 2.1× smaller high-frequency figure of merit (HF-FOM),
higher turn on/off dv/dt, and 29% less switching loss than the fabricated Oct-cell MOSFET. The
results demonstrate that the Dod cell is an attractive candidate for high-frequency power applications.

Keywords: SiC power MOSFET; cell topology; dodecagonal cell; octagonal cell; gate-to-drain capac-
itance (Cgd); specific ON-resistance (Ron,sp); high-frequency figure of merit (HF-FOM); switching
performance

1. Introduction

The silicon carbide (SiC) power MOSFET has been expected to be the alternative
to silicon power devices in multiple applications, such as renewable energy, drivers for
electrical machines, and power converters for hybrid and electric vehicles, due to its various
advantages, including a low power loss, high switching frequency, and high operating
temperature [1–3]. Improving energy efficiency (reducing power dissipation) is the driving
force for the commercialization of SiC power MOSFETs [3]. The total power loss of a SiC
power MOSFET consists of an on-state conduction loss and switching loss. The conduction
loss can be reduced by reducing the ON-resistance (Ron). The switching loss of a SiC
power MOSFET can be reduced by decreasing device capacitances [4,5]. Studies show
that the layout topology design affects the on-state and dynamic performances of SiC
power devices [6,7]. Different cell topologies (Linear, Hexagonal, Square, and Octagonal)
were used on 600 V SiC planar MOSFETs [7]. All the figure of merits (FOMs) for the
Octagonal cell topology are comparable to those of the state-of-the-art Si COOLMOS and
are much better than the ROHM SiC MOSFET product [7]. In addition, simulations show
that the oxide electric field for an Octagonal cell is much lower in comparison to other
topologies [7]. The Linear, Hexagonal, and Octagonal cell topologies were used on 650 V
SiC planar JBSFETs and reported in [8]. It is demonstrated that the Hexagonal cell topology
provides the lowest specific ON-resistance (Ron,sp) but a higher gate–drain charge than
Linear and Octagonal cells [8]. It indicates that the Hexagonal cell is suitable for power-
switching applications at a nominal frequency. However, for applications where a faster
switching frequency is desired, such as reducing the size of power converters, the layout,
such as the Octagonal (Oct) cell, is preferred, which tends to reduce the Cgd at the cost of a
higher Ron [9].

In this work, a new cell topology named the dodecagonal (Dod) cell is proposed
and compared with the Oct cell. Additionally, 650 V SiC power MOSFETs with the Dod
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and Oct cells have been designed, fabricated, and characterized. The static and dynamic
performances of the fabricated 650 V SiC power MOSFETs are compared.

2. Device Design and Fabrication

Figure 1a shows the structure of the proposed Dod cell. A twelve-sided P+ region
with the ohmic contact on top is surrounded by six hexagonal poly-Si gate regions. The
hexagonal gate regions are connected by poly-Si bars. The hexagonal JFET regions are
placed inside gate regions. This Dod cell is applied to 650 V SiC power MOSFETs. The
Oct cell is shown in Figure 1b. The cross-sectional views along the AA’ direction for both
Dod-cell and Oct-cell MOSFETs in this work are shown in Figure 1c. All MOSFETs have
the same edge termination design and die size. The die size is 1.15 × 1.15 mm2, including
the termination. The MOSFETs are fabricated on a 6-inch SiC wafer by X-Fab using the
same SiC power MOSFET process. Figure 1d shows the cross-sectional SEM image of the
fabricated Dod-cell MOSFETs. Due to the lateral straggle of Aluminum implantation in the
P-well, the narrowest portion of the JFET region is reduced by 0.2 µm on each side. Five
Dod-cell and five Oct-cell MOSFETs are packaged into open-cavity TO-247 packages for
device characterization. Design parameters and experimental results are listed in Table 1.

(a) (b) (c)

(d)

Figure 1. (a) Dodecagonal cell topology, (b) Octagonal cell topology, (c) A-A’ cross-sectional view
of the 650 V SiC power MOSFET. (d) Cross-sectional SEM image of the fabricated 650 V SiC power
MOSFET with the Dod cell.
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Table 1. Design parameters and experimental results.

Cell Topology Oct Dod

Design
parameters

Cell pitch (µm) 8.4 8.4
Active area (mm2) 0.643 0.634
Channel density (µm−1) 0.113 0.181
JFET density 0.034 0.055

Experimental
results

Vth (V) 4.09 ± 0.09 * 4.35 ± 0.10
BV (V) @ ID = 100 µA 756.3 ± 22.6 753.4 ± 23.6
Ron,sp (mΩ·cm2) @ VD = 1.5 V 24.4 ± 7.52 10.9 ± 3.06
Cgd (pF) @ VD = 400 V 1.59 ± 0.01 1.63 ± 0.04
HF-FOM (mΩ·pF) (Ron · Cgd) 6031 ± 1896 2817 ± 749
dv/dt turn-on (V/ns) 6.1 12.5
Switching loss turn-on (µJ) 29.4 20.1
dv/dt turn-off (V/ns) 8.4 10.7
Switching loss turn-off (µJ) 5.7 4.7
Total switching loss (µJ) 35.1 24.8

* ± refers to the standard deviation of the value.

3. Experimental Results and Discussion
3.1. Statistic Performance

The static performance, including the transfer, blocking, and output characteristics, is
measured using a Keysight 1506A power semiconductor analyzer at room temperature. The
results of one MOSFET from each cell type are shown in Figure 2. The threshold voltages
(Vth) of all packaged MOSFETs are extracted using the linear extrapolation method from
the transfer curves, as shown in Figure 2a. The average value and the standard derivation
are shown in Table 1. A minimal Vth difference (<0.3 V) is observed between the MOSFETs
with Dod and Oct cells. The transconductances (gm) are also plotted in Figure 2a. The peak
gm value for the Dod-cell MOSFET is 1.5× higher than the fabricated Oct-cell MOSFET,
indicating a higher current-driving capability. The blocking characteristics (Figure 2b) show
less than 1 nA leakage current up to 600 V for both the Dod-cell and Oct-cell MOSFETs. The
breakdown voltage (BV) is defined at the drain current of 100 µA. Similar average BVs and
BV standard derivations are obtained for the Oct-cell and Dod-cell MOSFETs, as shown in
Table 1. Therefore, the Dod cell does not degrade the blocking capability of the fabricated
power MOSFET.

The output characteristics are shown in Figure 2c. A 2× higher drain current is
observed on the fabricated Dod-cell MOSFET than on the Oct-cell MOSFET, which can
be explained by the higher channel density and JFET density of the Dod cell. A higher
channel density (total channel width in a unit cell/unit cell area) implies a larger total
channel width and more current conduction within a specific die size. The channel densities
for the Dod and Oct cells are calculated according to the geometry with the known cross
section and cell pitch. The results are listed in Table 1. A 1.6× higher channel density
is obtained for the Dod cell than the Oct cell. The higher channel density allows more
current conduction for the fabricated Dod-cell MOSFET, resulting in a lower Ron,sp than the
fabricated Oct-cell MOSFET. The higher JFET density (JFET area/unit cell area) indicates a
lower JFET region resistance, which contributes to the lower Ron,sp [10]. The Ron,sp of all the
measured MOSFETs is calculated at a drain–source voltage (VD) of 1.5 V. The mean values
and standard derivations are listed in Table 1. A 2.2× reduction in the Ron,sp is achieved
for the Dod-cell MOSFET compared to the fabricated Oct-cell MOSFET.

118



Materials 2022, 15, 6690

0 5 10 15

Gate Voltage (V)

0

20

40

60

80

D
ra

in
 C

u
rr

en
t 

(m
A

)

0

2

4

6

8

10

g
m

 (
m

S
)

@V
D

=100 mV

T=300 K

Dod

Oct

(a)

0 200 400 600 800

Drain Voltage (V)

10-10

10-8

10-6

10-4

D
ra

in
 C

u
rr

en
t 

(A
) @V

G
=0 V

T=300 K

Dod
Oct

(b)

0 0.5 1 1.5 2

Drain Voltage (V)

0

0.5

1

1.5
D

ra
in

 C
u

rr
en

t 
(A

)

@V
G

=20 V
T=300 K

Dod
Oct

(c)
Figure 2. (a) Transfer characteristics at VD = 100 mV (solid line: drain current vs. gate voltage; dash
line: transconductance vs. gate voltage), (b) blocking characteristics at VG = 0 V, and (c) output
characteristics at VG = 20 V, for the 650 V SiC power MOSFETs with Dod and Oct cells.

3.2. Dynamic Performance

The Cgd vs. drain voltage characteristics are shown in Figure 3. The Cgd significantly
affects the dynamic behavior of SiC MOSFETs due to the well-known Miller effect [11,12].
The Cgd of a SiC planar MOSFET consists of the gate oxide capacitance on the top of the
JFET region and the depletion capacitance of the JFET region and drift layer [13]. The
results in Figure 3 show that the Dod-cell MOSFET has a higher Cgd than the fabricated
Oct-cell MOSFET under any drain bias. Because the Dod-cell and Oct-cell MOSFETs are
fabricated following the same process flow, their gate oxide thickness, JFET doping profile,
and drift-layer doping profile are the same. Thus, the difference in the Cgd is caused by
the different overlap areas of the gate and drain terminals (JFET region area) within a die.
The calculated JFET density of the Dod cell is 1.6× higher than the Oct cell, which causes a
higher Cgd of the Dod-cell MOSFET. The Cgd values at VD = 400 V are extracted for all the
measured MOSFETs. Additionally, the HF-FOMs, which are defined as the product of Ron
and Cgd, are calculated. The HF-FOM of the Dod-cell MOSFET is 2.1× smaller than the
fabricated Oct-cell MOSFET, indicating a better high-frequency performance.

A Double-Pulse Test (DPT), which provides straightforward data on the switching
behavior of SiC MOSFETs [14], is conducted to investigate the switching performance of
the fabricated MOSFETs. The results are shown in Figure 4. During the turn-on process
(Figure 4a), the Dod-cell MOSFET shows a shorter transient time (higher turn-on speed)
than the fabricated Oct-cell MOSFET. The turn-on and turn-off dv/dt, switching energy,
and total switching energy of the measured MOSFETs are extracted and listed in Table 1.
The Dod-cell MOSFET has a higher dv/dt and less switching energy than the measured
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Oct-cell MOSFET during both the turn-on and turn-off processes. The Dod-cell MOSFET
obtains a 29% reduction in total switching loss compared to the measured Oct-cell MOSFET.
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Figure 3. The Cgd of 650 V SiC MOSFETs with the Dod and the Oct cells.
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Figure 4. (a) Turn-on and (b) turn-off waveforms of the fabricated 650 V SiC power MOSFETs with
the Dod and the Oct cells.

4. Conclusions

A new cell topology named the Dod cell is proposed for SiC planar power MOSFETs.
The Dod cell minimizes the JFET region area to achieve a low Cgd and improves the
channel density to reduce the Ron,sp. A low Cgd indicates a higher switching speed and
makes the Dod-cell MOSFET an attractive candidate for high-frequency applications. The
reduced Ron,sp decreases the conduction loss. The Dod cell and a recently published Oct
cell (designed with minimal JFET region area) have been used for the layout design of
650 V SiC power MOSFETs. The fabricated Dod-cell MOSFET achieves a higher Cgd, but a
2.2× lower Ron,sp, 2.1× smaller HF-FOM, and 29% less switching losses compared with the
fabricated Oct-cell MOSFET.
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Abstract: Silicon carbide (SiC) is emerging rapidly in novel photonic applications thanks to its unique
photonic properties facilitated by the advances of nanotechnologies such as nanofabrication and nanofilm
transfer. This review paper will start with the introduction of exceptional optical properties of silicon
carbide. Then, a key structure, i.e., silicon carbide on insulator stack (SiCOI), is discussed which lays
solid fundament for tight light confinement and strong light-SiC interaction in high quality factor
and low volume optical cavities. As examples, microring resonator, microdisk and photonic crystal
cavities are summarized in terms of quality (Q) factor, volume and polytypes. A main challenge for SiC
photonic application is complementary metal-oxide-semiconductor (CMOS) compatibility and low-loss
material growth. The state-of-the-art SiC with different polytypes and growth methods are reviewed
and a roadmap for the loss reduction is predicted for photonic applications. Combining the fact that
SiC possesses many different color centers with the SiCOI platform, SiC is also deemed to be a very
competitive platform for future quantum photonic integrated circuit applications. Its perspectives and
potential impacts are included at the end of this review paper.

Keywords: silicon carbide; integrated photonics; material growth

1. Introduction

Photonic integrated circuits (PIC), also named integrated lightwave circuits (ILC) or
photonic lightwave circuits (PLC), have been discussed to overcome the predicted bottle-
neck for integrated circuits for more than half a century. During the development of PIC,
a lot of different material platforms have been investigated, such as silicon (Si), silicon
dioxide (SiO2), silicon nitride (SiN), aluminum gallium arsenide (AlGaAs), indium phos-
phide (InP), and the emerging gallium nitride (GaN), lithium niobate (LiNbO3), silicon
carbide (SiC), etc. Although Si is playing the most important role in this area, benefiting
from the well-established complementary metal-oxide-semiconductor (CMOS) processing,
it is limited by its own optical properties, such as indirect bandgap, strong two-photon ab-
sorption at telecommunication wavelength and zero second-order nonlinearity. Therefore,
other material platforms are developed either monolithically on their own or as hybrid
platforms that are integrated with an Si substrate. Among them, SiC is emerging rapidly in
this field, partially because of the commercially available high-quality crystal SiC wafers
and mature micro and nanofabrication of SiC in the promotion of SiC powered electronic
devices, a similar story as Si. Unlike many well defined figures of merit (FOM), such
as Johnson FOM, Keyes FOM, Baliga FOM, and Baliga high-frequency FOM, for direct
comparison of different material platforms in electronics, photonic material platforms are
usually compared in terms of bandgap, refractive index, second-order nonlinearity, and
third-order nonlinearity.
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Normally, for an ideal PIC material platform, it has low loss at the working wavelength;
has a high refractive index for strong light–matter interaction; has strong second-order
nonlinearity for electro-optical modulation and second-harmonic generation; and has high
third-order nonlinearity for efficient wavelength conversion. As shown in Table 1, SiC
fulfills all the demanded optical properties: high refractive index, wide bandgap, and
high second-order and third order nonlinearities. Additionally, SiC is CMOS compatible.
Therefore, extensive investigations on SiC optical devices are emerging.

Table 1. Main material platforms for PICs. n: refractive index, BG: bandgap, n2: nonlinear refractive
index, χ(2): second-order susceptibility.

Materials Key Features Pros Cons
n BG

(eV)
n2 (m2/W) χ(2)

(pm/V)
Si [1–5] 3.48 1.12 4.5 × 10−18 High refractive

index, compact,
CMOS compatible,
cost-effective

Small bandgap,
strong two photon
absorption

SiO2 [6,7] 1.5 9 3 × 10−20 CMOS incompatible,
low loss

Low refractive in-
dex, low nonlinear-
ity

SiN [8–10] 2.0 5 2.5 × 10−19 CMOS compatible,
cost-effective

Low nonlinearity

Hydex [11] 1.7 1.8 1.2 × 10−19 CMOS compatible,
cost-effective

Low nonlinearity

GaP [12–14] 3.1 2.26 1.2 × 10−17 200 High refractive in-
dex, high nonlinear-
ity

Cost-ineffective,
CMOS incompatible

AlN [15,16] 2.1 6 2.3 × 10−19 1 Efficient light source Cost-ineffective,
CMOS incompatible

Diamond [17] 2.4 5.5 8.2 × 10−20 CMOS compatible,
wide bandgap

Cost-ineffective, dif-
ficult to etch

AlGaAs
[18,19]

3.3 1.4–2 2.6 × 10−17 100 High refractive in-
dex, high nonlinear-
ity

Small bandgap, cost-
ineffective, CMOS
incompatible

LiNbO3
[20–22]

2.2 4 27 Well-known op-
tical properties,
cost-effective

CMOS incompatible,
difficult to etch

SiC [23] 2.6 2.4–
3.2

1.3 × 10−18 33 High refractive in-
dex, compact, CMOS
compatible, high
nonlinearity, light
emitter

Cost-ineffective

2. Silicon Carbide Photonic Integrated Platforms

Planar optical waveguides are key structures where the light is confined and trans-
mitted by obeying total internal reflection (TIR). For SiC waveguides, it is indispensable
to form an index contrast where SiC has a higher refractive index than the surroundings.
At the beginning of this research, floating SiC in the air has been applied because the
commercial SiC epilayers on Si substrates were available. Since Si has a higher refractive
index than SiC, it has to be removed near the SiC waveguides. But this structure has restric-
tions on the post-etching process, such as patterning and top-cladding deposition. Instead,
silicon carbide on insulator stacks is developed and applied in most of the publications
currently. There are generally three different methods to form SiCOI, as shown in Figure 1.
For method 1, smart/ion cut method is adopted from silicon-on-insulator (SOI) stack’s
formation, where Si wafer is replaced by a SiC wafer [24,25]. But since SiC and Si have
very different physical properties, the material loss in SiCOI is still quite high compared to
SOI, after ion implantation. This method mainly delivers 4H SiCOI stacks. For method 2,
the bonded SiC is thinned down directly by using grinding and later chemical mechanical
polishing (CMP) to smoothen the surface. In this way, the ion implantation step in the
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smart/ion cut is skipped and SiCOI stacks achieve very low loss. This method delivers 4H
and 3C SiCOI stacks. For method 3, amorphous SiC is directly deposited on the Si substrate
with an SiO2 layer between. The amorphous SiC deposition could be completed through
plasma-enhanced chemical vapor deposition (PECVD) and sputtering. Both methods are
CMOS compatible.

Figure 1. Three SiCOI stack formation methods.

Table 2 listed the state of the art of SiCOI waveguides in terms of waveguide structure,
dimension, forming method, propagation loss, and quality factor (Q) of a microring res-
onator and the measured nonlinear refractive index. The active SiC layers have a thickness
of hundreds of nm, which is extremely difficult to control in the process of thinning down
SiC from hundreds of µm to nm. So far, 4H SiCOI waveguides formed from method 2 show
the lowest loss of 0.38 dB/cm. 3C SiCOI from method 2 and amorphous SiC from method
3 have quite close losses of about 3 dB/cm. The loss of 4H SiCOI formed by method 1
could be derived from the quality factor of the microring, which is about 6.5 dB/cm. The
waveguide loss is related to both the material loss and the waveguide fabrication imperfec-
tion. Nanofabrication technology has been well developed for other material platforms,
such as SOI. SiC could be etched by using the same machine and precursors as Si. So, the
fabrication-related loss is reduced to a negligible level for SiC in a very short time, while
the supply of low-loss SiCOI stacks remains challenging. Comparing the listed 3 methods,
method 2 shows the best performance, while method 1 and 3 have the similar performance,
currently. However, with regard to the cost, method 2 is the most expensive one, followed
by method 1 and 3 with reduced cost. In addition to the unique optical properties, SiC
has the potential for easy scale-up. From this point of view, method 3 shows advantages
because it is not limited by the rather small SiC wafers available, unlike method 1 and 2.
Looking forward to quantum applications of SiCOI, many optically addressable defects in
crystalline SiC such as 4H, 3C and 6H have been published [26,27], which are promising as
candidates for single photon sources. But no report on optically addressable defects from
amorphous SiC have been revealed yet. 6H SiCOI has been reported for usage in optical
cavities [28–32]. It is used less, as 4H SiC is becoming dominant because of its better crystal
quality, which is crucial for high quality-factor optical cavities. Moreover, many physical
and optical properties of 6H SiC lie between 3C and 4H SiC, making it less interesting.
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Table 2. State of the art of SiC waveguides.

Material Stack Method Size (nm2) Loss (dB/cm) Q n2 (m2/W)
3C SiC [33] SiC-Si Floating 730 × 500 5.3 × 10−19

3C SiC [34] SiCOI 2 1700 × 500 2.9 1.42 × 105

a SiC [35] SiCOI 3 800 × 350 3 1.6 × 105 4.8 × 10−18

4H SiC [36] SiCOI 1 750 × 500 7.3 × 104

4H SiC [37] SiCOI 1 2700 × 600 8.6 × 10−19

4H SiC [38] SiCOI 2 3000 × 530 0.38 1.1 × 106 6.9 × 10−19

3. Silicon Carbide Photonic Cavities

The light-matter interaction could be enhanced by an optical cavity. Normally, a higher
quality factor and a smaller mode volume are preferred. As an example for a quantitative
relation, power threshold for parametric oscillation is determined by the waveguide loss
(described by the loaded quality factors QL,s , QL,i , and QL,p of the signal, idler, and pump
modes, respectively) and the confinement, given by

Pth =
ω0n2

8ηn2c
V

QL,p
√

QL,sQL,i
(1)

where n is the modal refractive index, V is the mode volume, and η=
QL,p
Qc,p

, where Qc,p

accounts for coupling from the pump mode to the waveguide, n2 is the nonlinear refractive
index and ω0 is the angular frequency [38]. For SiC, three types of optical cavities have
been published: photonic crystal cavities (PhC), microring resonators (MRR) and microdisk
resonators (MDR). Their evolvement during the past ten years is shown in Figure 2.

Figure 2. State of the art of SiC optical cavities [23,25,28,32,34–36,38–58].

Among the different forms of SiC (3C, 4H and 6H polytypes, and amorphous), there
has been no further progress for 6H SiC in recent years. 4H SiCOI microring resonators
made by method 2 have demonstrated a quality factor of more than 1 million. Based on it,
advanced applications such as optical frequency combs have been demonstrated as well.

3.1. Microring and Microdisk Resonators

Thanks to the advanced nanofabrication technologies, SiC microresonators, including
MRR and MDR, with low loss and high quality factors, have been demonstrated. The loss
is jointly contributed by the material absorption loss and the light scattering loss due to the
surface roughness. Figure 3 shows scanning electron microscope (SEM) images of several
high-performance SiC microresonators.
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(a)

(b) (c)

Figure 3. Scanning electron microscope images of (a) 4H SiCOI MMR, reprinted with permission
from [36] ©The Optical Society, (b) 3C SiC MDR [59], and (c) 4H SiCOI MDR [56].

For 3C SiC, using the freestanding SiC, grown on the Si substrate, quality factors
of 2.4 × 104 and 5.12 × 104 have been reported for MRR and MDR, respectively [42,49].
The high loss mainly comes from the material absorption and is associated to the high
density of extended defects, inherently linked to the 3C-SiC/Si heteroepitaxial system, and
discussed in the coming section. The highly defective layer, which is close to the 3C-SiC/Si
interface, can be removed, if preparing 3C SiCOI stacks. As a result, microresonators with
much higher quality factors can be achieved, which are 1.42 × 105 and 2.42 × 105, for MRR
and MDR, respectively [34,53]. For 4H SiC thin film prepared through the smart/ion cut
method, quality factors of 7.3 × 104 and 5.25 × 103 have been reported for MRR and MDR,
respectively [36,60]. Chemical-mechanical polishing and post-oxidation processes can also
help to reduce the roughness of the top surface and the sidewall of the waveguides, and thus
improve the quality factors of SiC microresonators, for both 3C and 4H SiC [34,36,61,62]. For
4H SiC thin film prepared through the grinding and CMP method, ultra-high quality factors
of 1.1 × 106 and 6.75 × 106 have been reported for MRR and MDR, respectively [38,56].
Regarding the amorphous SiC deposited by PECVD, the MRR with a quality factor as high
as 1.6 × 105 has been reported [35]. Based on these demonstrations of high-performance
SiC microresonators, as well as other SiC integrated devices, SiC integrated platforms can
be potentially applied to classical and nonclassical optical communication systems for
signal processing, logic gate, modulation, filtering, (de)multiplexing, etc. [5,24,63–68].

The field enhancement in the microresonators can be reflected by the photon density.
With SiC microresonators, efficient nonlinear effects-based frequency conversion has been
observed and studied, according to the material-based second- and third-order nonlineari-
ties in SiC. Second harmonic generation in 4H SiCOI MRRs has been demonstrated with
sub-milliwatt power, through the mode-phase-matching method [52]. Besides, basic third-
order nonlinear phenomena, such as self-phase modulation, four-wave mixing, cascaded
four-wave mixing, and optical parametric oscillation have also been demonstrated in 3C,
4H, and amorphous SiC or SiCOI microresonators [33,35,37,38,55,62,69,70]. Through these
experiments, the nonlinear refractive index of 3C and amorphous SiC has been extracted to
be 5.3 × 10−19 m2/W, and 4.8 × 10−18 m2/W, respectively [33,55]. The birefringence of the
third-order nonlinearity of 4H SiC has been experimentally demonstrated, the nonlinear
refractive index along the extraordinary and the ordinary axis of 4H SiC is measured to be
1.31 × 10−18 m2/W and 7.0 × 10−19 m2/W, respectively, which indicates the transverse
magnetic polarization can perform more efficient wavelength conversion [23]. Moreover,
classical and quantum frequency combs in 4H SiCOI MMR and MDR with ultra-high
quality factors are observed, including octave-spanning Kerr frequency combs, Raman
combs, and quantum solitons, which are shown in Figure 4 [56,57,71]. The excellent optical
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nonlinear properties of SiC, as well as these nonlinear phenomenon demonstrations, make
SiC integrated platforms possible for plenty of nonlinear optical applications, such as light
sources with multiple wavelength for optical communication, photon-pair sources for
quantum computing and communication, spectroscopy, metrology, sensing, etc. [3,4,72].

(a)

(b) (c)

Figure 4. Experimental spectra of (a) octave-spanning Kerr frequency comb reprinted with permis-
sion from [57], (b) Raman comb, reprinted with permission from [56], and (c) quantum soliton comb,
reprinted with permission from [71] in SiC microresonators.

Additionally, the thermo-optic behaviors of the MRRs in 3C, 4H and amorphous SiC
integrated platforms have been studied. The external temperature induced resonance
shift and the material absorption-induced bistability in 4H and amorphous SiCOI are
investigated [55,58,62]. Micro-heaters have been integrated with the 3C SiCOI MRR for
efficient thermo-optic phase shifting [51]. Meanwhile, the thermo-optic coefficients of
3C, 4H and amorphous SiC are measured to be 2.67 × 10−5/K, 4.21 × 10−5/K, and
1.4 × 10−4/K, respectively [51,55,62]. Devices made of 3C and 4H SiC that have small
thermo-optic coefficients, can exhibit high thermal stability, but amorphous SiC, having
a large thermo-optic coefficient, allows efficient modulation. The electro-optic effect in
3C SiCOI has also been observed, and the Pockels coefficient is extracted to be 2.6 pm/V,
which enables high-speed electro-optic modulation [73,74]. An all-optical Kerr switching
intensity modulator at 25 Gbps in amorphous SiCOI has been reported [75].

3.2. Photonic Crystal Cavities

Besides the microring and microdisk, the cavities realized by photonic crystal struc-
tures are also widely studied in the SiCOI platform. Because of the potential of emitting
single photons by defects in SiC, photonic crystal cavities are studied to enhance the emis-
sion rate of the defects by addressing the defects in the cavities. The amplified magnitude
of the modified emission rate comparing with the defects in free space is expressed by the
Purcell factor in Equation (2) [76]. In this equation, Fp is the Purcell factor, Q is the quality
factor of a certain cavity mode, V0 is the mode volume, and λ is the wavelength of light
transmitting in the dielectric material.

Fp =
3Qλ3

4π2V0
(2)

In order to realize a large increase of the emission rate of photons from defects in SiC,
the strong light–matter interaction is required. From Equation (2), the quality factor of the
photonic crystal cavity should be as large as possible, and the mode volume is preferred to
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be kept small. Due to the large scattering loss, the quality factor of the PhC cavity is much
smaller than that in the microring or microdisk.

The photonic crystal can be briefly classified into one-dimensional (1D) photonic
crystal and two-dimensional (2D) photonic crystal in SiCOI platform. A 1D photonic
crystal waveguide is also called a photonic crystal nanobeam. As long as the holes are
modified in terms of positions or radius, a nanocavity will form and can support several
modes in the nanobeam. A 2D photonic crystal can further be transformed into a 2D
photonic crystal cavity by removing several holes in the center, such as one hole (H1 cavity)
or three holes (L3 cavity), or a 2D photonic crystal waveguide by removing a line of holes.
By tuning the lattice constant along the photonic crystal waveguide direction in several
periods, a heterostructure cavity will be formed [77]. Regarding the application of color
center photoluminescence enhancement, a 1D nanobeam is preferred to 2D photonic crystal
structures because of its lower modal volume and the feasibility of the undercut to have a
larger refractive index contrast.

For 6H SiC prepared by smart-cut, the L3 cavity and heterostructure cavity were
firstly fabricated in a smart-cut SiCOI platform [28]. The quality factor of an optimized
L3 cavity of 2× 103 and the quality factor of the heterostructure cavity of 4.5× 103 have
been reported. These two kinds of cavities on 6H SiCOI were improved to 1× 104 quickly
afterwards [29–31]. A second harmonic generation has been realized in a photonic crystal
heterostructure cavity in the same platform [32]. For 3C SiC, the L3 cavities were realized
with an initial quality factor of around 0.8× 103 in an epitaxially grown thin film [41]. The
more detailed results have been reported with the quality factor of 1.5× 103 for L3 and
around 1× 103 for H1, despite a theoretical prediction of 1.7× 104 and 4.5× 104, respec-
tively [43]. The imperfection of fabrication and deviation of the hole radius or positions
are likely to cause a low quality factor. For amorphous SiC, the highest reported experi-
mental quality factor of 1D photonic crystal cavity is 7.69× 104, and the mode volume is
around 0.6× (λ/n)3 [45]. The Purcell factor is calculated to be around 104. This cavity is a
suspended 1D photonic crystal nanobeam cavity. The decline of experimentally measured
quality factor, compared with a simulation result of 1.75× 106, is mainly from the scattering
of imperfect sidewalls. For 4H SiC, the high experimental quality factor of 6.3 ×105 is
achieved in a ground SiCOI platform in a heterostructure cavity [50]. A photonic crystal
nanocavity with such a high quality factor enables strong second-harmonic generation con-
version efficiency. The scheme of the structure and the SEM images are shown in Figure 5b.
In a 1D photonic crystal nanobeam cavity, the quality factor is smaller: 1.93× 104 [52]. The
color centers inside the nanobeam cavity can enhance the emission efficiency; the structure
is shown in Figure 5a. All these works point out the great reduction of experimental quality
factor as compared with simulated or calculated quality factor. The non-vertical sidewall
angle is the main cause of this difference. The other attributions include the sidewall
roughness, deviation of hole radius or position, and material absorption.
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(a) (b)

Figure 5. Scanning electron microscope images of (a) 1D photonic crystal nanobeam cavities, reprinted
with permission from [52] and (b) 2D photonic crystal heterostructure cavity, reprinted with permis-
sion from [50] ©The Optical Society.

4. Silicon Carbide Materials

Different from the electronic devices, the material requirements for SiC photonic
applications handle surface roughness, film thickness and uniformity in nanometer scale,
which poses big challenges on the material quality, transfer and processing. As mentioned
in Section 2, 4H, 3C and amorphous SiC have shown loss at different levels. If we assume
the nanofabrication has been optimized and the fabrication-related loss is negligible, the
loss level indeed reflects the material loss. The material loss consists of absorption and the
scattering of defects in the material. The most promising large-area thin-film-deposition
processes (amorphous and micro-crystalline material) are of particular interest due to their
huge variability in terms of stacking thin optical films on almost any kind of substrate and
because of their comparably low manufacturing costs. The currently mid-range optical
loss may be reduced by further improvement of the deposition processes. Therefore, in the
following an overview on all SiC-based thin film methods currently under development
will be given. The lowest optical loss may be achieved in single-crystalline SiC material
exhibiting a dislocation density that is as low as possible, as well as unintentional doping.
At the same time, by adaption of the single-crystal growth process, intrinsic point defects
may be generated for single-photon-source or qubit applications. Besides the preparation of
high-quality 4H-SiC crystals and wafers, also bulk growth of 3C-SiC will be outlined. The
latter material exhibits a higher defect density than 4H-SiC. However, its higher crystalline
symmetry may be of advantage at a certain stage if optical active centers (point defects and
intentional doping) are added as a functionality to the electrical-optical devices.

4.1. Amorphous Silicon Carbide

Contrary to the SiC polytypes, which have a well-defined crystalline structure and
composition, amorphous Silicon Carbide (a-SiC) is a very versatile material. It can vary
in stoichiometry, such as the Si:C ratio, in density, and of course in the resulting optical,
electronic and mechanical properties. Depending on the deposition method, it can also
contain hydrogen (H:SiC), which provides even further tuning of the properties. At the
first order, the primary parameter which determines the formation of amorphous SiC is the
temperature, as it enhances the relaxation of the “structure” towards crystalline materials.
There is thus a temperature threshold above which crystallization will systematically
occur. This temperature is not precisely determined in the literature as it also depends
on secondary parameters like supersaturation, reaction pathway, presence of impurities
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and so on. It is nevertheless strictly inferior to 800 °C. We review in the following the low
temperature, vapour-phase deposition methods that allow the formation of amorphous
SiC thin films.

4.1.1. Low Temperature Chemical Vapour Deposition

A first process which can lead to amorphous SiC is the Low Temperature Chemical
Vapour Deposition. Using standard chemistry (Si-C-H or Si-C-H-Cl), such as is discussed in
the next section for epitaxial growth, it is not possible to deposit in the targeted temperature
range, as the gaseous species are too stable. Differently said, the reaction kinetics are
infinitely slow. However, with organometallic precursors such as monomethylsilane (MMS),
a deposition temperature lower than 650 °C and down to room temperature can form a-
SiC [78–80].

Contrary to the standard CVD, where the initial cracking of the precursors in the
gas phase provides reactive intermediates, the MMS is directly adsorbed on the surface
of the sample. For that, the surface reactivity is promoted either by the deposition of a
hydrogenated silicon layer or by a plasma etching [81], which enhances the adsorption
efficiency. The hydrogen atoms get desorbed during this reaction. However, because of the
low temperature of the process and the needed hydrogen desorption, the stoichiometry
of the SiC becomes hard to control [80,81]. No optical study using films deposited by this
process was found in the literature.

4.1.2. Plasma-Enhanced Chemical Vapour Deposition

Plasma-Enhanced CVD (PECVD) is probably the most widely used technique for
the deposition of a-SiC thin films [82,83]. The substrate is kept at a temperature lower
than 500 °C, and often even lower than 300 °C. The chemical reactions are induced in a
plasma (usually in Argon and/or hydrogen), which drastically increases the reactivity of
the intermediate gaseous species. The ionic species produced are then adsorbed on the
surface, whereas the organic wastes are evacuated. The energy of the ion bombardment
allows the migration of the adsorbed species and the formation of dense layers. The use of
hydrogen as carrier gas systematically leads to the hydrogenation of the SiC films. This
limits the maximum refractive index achievable, which is typically around 2.36 [83]. The
refractive index decreases with the density, which can be tuned by varying the plasma
power [83–86], as shown in Figure 6.

Figure 6. Evolution of the refractive index (left) and the density (right) as a function of the power
applied on the substrate PT measured by Frischmuth team [83]. Reprinted with permission from El-
sevier.

An increase of the substrate temperature and of the pressure cause an increase of the
refractive index [85,86] and the decrease of the roughness down to 1 nm [86].
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4.1.3. Hot Wire Chemical Vapour Deposition

Known as one of the pioneer CVD methods, Hot Wire CVD (HWCVD), also called Hot
Filament CVD (HFCVD) is also well adapted for the deposition of amorphous SiC [87–89].
In this case, the energy necessary to crack the precursors and generate highly reactive
intermediates is provided by a metallic filament composed of Rhenium, Tantalum or
Tungsten placed upstream in the reaction chamber and heated at high temperature, typically
around 2000 °C [90,91]. The thermally activated species are then adsorbed on the substrate,
which can be kept at a low temperature, even lower than 500 °C. The presence of hydrogen
radicals (H*) generated at high temperature by the filament produces an etching reaction
of the surface, which can remove the adsorbed species located in unstable positions. A
high concentration of H* can thus produce crystalline layers, with the possibility to tune
the crystallite size with the H* concentration [87,92–94]. The formation of a stoichiometric,
crystalline SiC layer is ensured by decomposing the carbon-containing precursor (typically
CH4) at a temperature higher than 2000 °C [93]. At a temperature lower than 2000 °C, with
low pressure and a low amount of hydrogen, the formation of an amorphous SiC layer
can be obtained. Similarly to PECVD, this technique causes the incorporation of hydrogen
inside the amorphous SiC film, decreasing the refractive index. The roughness of the SiC
deposit can be also very low, in the nm range [95].

4.1.4. Radio Frequency Magnetron Sputtering

Amorphous SiC can be deposited with a magnetron sputtering method. In this process,
one or several targets with the composition aimed are eroded with a plasma. Then, the
ionized species formed are adsorbed on the surface of the sample [96–100]. Non-conductive
compounds used as targets, such as SiC or Si, require the use of Radio Frequency Magnetron
Sputtering to prevent the accumulation of electric charge [101]. Amorphous layers can
be deposited with a temperature lower than 500 °C [102,103]. As a rule, a low deposition
temperature increases the refractive index up to 3.2 at a wavelentgh of 630 nm [103,104];
whereas it diminishes the transmittance of amorphous SiC [104], as shown in Figure 7.

(a) (b)

Figure 7. Evolution of (a) the transmittance and (b) the refractive index as a function of the tempera-
ture of the substrate, after Seo team [104]. Reprinted with permission from Elsevier.

Moreover, lowering the electrical power applied on the target increases the transmit-
tance and diminishes the concentration of carbon clusters [103,105], as shown in Figure 8.
Tang reported that decreasing the power diminishes the size of the particles and mod-
ifies their shapes from a dense globular-shaped structure to columns. This change of
particle morphology diminishes the roughness [106]. The optical gap is evaluated at
3.5 eV [105,107], but the presence of graphite in the amorphous SiC can put the gap be-
tween 1.3 to 1.7 eV [103,105,108].
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Figure 8. Evolution of the transmittance of SiC films in function of the RF power, measured by
Wang [105]. Reprinted with permission from Elsevier.

4.2. 3C Silicon Carbide
4.2.1. Growth of 3C-SiC-on-Si Heteroepitaxy

Compared to its hexagonal counterparts (4H- and 6H-SiC) for the cubic polytype (3C-
SiC), bulk growth using Physical vapour transport (PVT) is not established as “standard”
method yet, which is mainly attributed to the lack of suitable seeding substrates. However,
3C-SiC is the only polytype that can be nucleated using heteroepitaxial chemical vapour
deposition (CVD) on Si. Moreover, due to the higher process control available in CVD,
the fine tuning of material properties especially the doping concentration is increased
compared to PVT systems, especially for the goal of low-doped material. While silicon as a
starting material can lower the cost for device fabrication due to the availability of large area
substrates, a series of challenges have to be solved. The two main obstacles to overcome are
the difference in the lattice constant of approx. 20% and the thermal expansion coefficient
(TEC) of ca. 8% at room temperature between 3C-SiC and Si [109,110]. These misfits
are responsible for a variety of defects formed at the interface, e.g., stacking faults (SFs),
anti-phase boundaries (APB) or even three-dimensional defects such as protrusions [111]
and additionally result in wafer-bending after the cool-down to room temperature [112].
The two most common defects in heteroepitaxial growth of 3C-SiC on Si are SFs and APB.
SF along the {111} planes are mostly described as an intrinsic defect, based on the lattice
mismatch and difference in TEC between 3C-SiC and Si. However, a decrease in the SF
density could be achieved by annihilation during growth of thicker 3C layers [113] or
advanced growth methods, such as the “switch back” epitaxy on undulated substrates
described by Nagasawa et al. [114]. Different APBs are 2D defects that are formed by
two 3C-SiC crystals, which are rotated 180° around the [110] axes. While getting rid of
SF completely is somehow still impossible, the application of an off-axis Si substrate can
lead to an APB-free material, as described in [115]. Today, the “standard” heteroepitaxial
CVD growth process consists of a hydrogen etching step to remove the native oxide layer
from the Si substrate, the growth of a buffer layer or carbonization layer and the main
growth step, using Si and carbon (C) precursors followed by the cool down of the system.
Traditionally silane (SiH4) and propane (C3H8) or ethylene (C2H4) are used while hydrogen
(H2) acts as the carrier gas. However, a variety of different approaches can be found in
the literature using different precursors or adding additional gas species. Often chlorine
is added either in the form of hydrogen chlorine (HCl) or chlorine-based precursors like
trichlorosilane (HCl3Si) to improve the material quality and increase the growth rate [116].
One of the most important aspects regardless of the used gases is the C/Si ratio during the
main growth step. Tuning this parameter has not only an influence on the growth rate but
also strongly influences the material quality. Chassagne et al. showed that for too-low C/Si
ratios, the layer morphology and crystalline quality quickly degrade [117]. Meanwhile for
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too high ratios, homogenous gas phase reactions can occur leading to SiC clusters on the
surface. Besides the correct adjustment of the C/Si ratio, the formation of the mentioned
buffer layer is crucial when it comes to material quality. The first vital studies on this topic
were conducted by Nishino et al. [118] and later by Liaw and Davis [112]. Both groups
described the importance of a buffer layer formed by introducing a carbon-containing
precursor prior to the main growth step during the heat up of the system. During this step
the gaseous carbon species will produce an initial layer of SiC by reacting with the Si of the
substrate. Due to the formation of this buffer layer the lattice mismatch between 3C-SiC
and Si can be reduced significantly, leading to lower defect densities and increased material
quality. A setback of the buffer layer is the formation of voids at the interface 3C-SiC/Si.
Several theories can be found in the literature explaining this phenomenon. Most likely,
the formation of voids is attributed to the surface diffusion of Si [119]. After the initial
3C-SiC seeds are formed due to the deposited carbon, Si is removed from the open substrate
surface between these seeds to supply the formation of 3C-SiC, resulting in the observable
voids (see Figure 9). Since voids can locally favor the formation of dislocations and SFs, a
lot of research has been conducted to date to improve the buffer layer quality and reduce
void formation. Possible approaches include the variation of the C/H2 ratio [120,121], the
process pressure [122] or the initiation of Si precursors flow during the formation of the
buffer layer [123].

(a)

(b) (c)

Figure 9. (a) Scheme of the formation of voids at the 3C-SiC/Si interface. (b) Top view scanning
electron microscopy (SEM) image of a 3C on Si sample grown at 1200 °C. The darker areas are
attributed to voids underneath the 3C-SiC layer. (c) Crosscut SEM image of a void at the Interface
3C-SiC/Si.

Based on the lattice mismatch between 3C-SiC and Si, additional focus has to be given
to the management of thermal stress induced by the difference of TECs between Si and
3C-SiC, leading to wafer-bending after the cool down from growth temperature. Zielinski
et al. [109] also showed that the TEC mismatch cannot be changed; the final wafer-bow
of heteroepitaxial grown 3C on Si can be controlled based on the C/Si ratio, final layer
thickness or the growth rate during the deposition. Another approach was introduced
by Anzalone et. al by in situ melting of the silicon substrate once a certain 3C thickness
was reached, eliminating the influence of TEC during the cool-down [124,125]. After the
silicon removal, it is also possible to further increase the growth temperature, enabling
growth of a few 100 µm-thick freestanding 3C-SiC wafers with reasonable growth rates and
diameters up to 150 mm. While the 3C-SiC heteroepitaxy on Si is mostly performed above
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1300 °C and near to the melting point of Si [126], low temperature CVD between 1000 °C
and 1200 °C represents a different approach for the growth of 3C SiC on Si [127,128]. To
compensate for the lower temperatures resulting in decreased growth rates, chlorine is
often added either in the form of HCl or chlorine-containing precursors [129]. Although
the quality of the achieved layers is not the same as for high temperature processes yet,
the low temperatures open up the route for the integration into existing CMOS fabrication
technology.

4.2.2. Heteroepitaxial Deposition on Hexagonal Substrates 4H SiC (CVD and PVT)

Additionally to CVD heteroepitaxy on Si, cubic SiC can be grown heteroepitaxially on
hexagonal SiC substrates in either a CVD or physical vapour transport (PVT) setup. Using
SiC as starting material enables higher growth temperature of up to 2000 °C and reduces
the lattice mismatch as well as the difference in thermal expansion between substrate
and epitaxial layer. For both cases (CVD and PVT), a (0001) orientated SiC substrate is
usually used as a starting point, which will result in a (111) orientated 3C SiC top layer by
“pseudomorph growth” [130]. During homoepitaxial growth of hexagonal SiC polytypes
“step-controlled epitaxy” is preferred to ensure stable reproduction of the substrate polytype
during growth [131–133]. Conditions favoring this growth regime are a low supersaturation
at the growth surface as well as high off-axis angles (3–8◦) resulting in a high number of
atomic growth steps. The high step density and small terrace width, respectively, lead to
a migration of adatoms towards step edges where they reproduce the substrate polytype
during incorporation into the crystal. For the nucleation of 3C SiC on the hexagonal
substrate, the growth conditions have to be tweaked from the nominal step flow towards
the formation of 2D nucleation on the growth terraces. This growth regime can be promoted
if the probability of adatoms reaching a growth step is reduced by either lowering of the
growth temperature, increasing the terrace width by growth on “on-axis” substrates or
increased supersaturation. A schematic scheme of the two growth modes are depicted
in Figure 10.

Figure 10. Scheme of two different growth schemes for the epitaxial growth. On the lower terrace,
migration of the adatom at the edge of a growth step occurs, reproducing the substrate polytype. On
the upper terrace, 2D nucleation takes place, which can lead to a switch in polytype.

Various studies can be found in the literature [134–138] working on the heteroepitaxial
growth of 3C SiC on (0001) orientated hexagonal SiC up to a thickness of 2.5 mm using the
sublimation epitaxy (SE) growth technique. They used a different off-axis substrate, on
which an on axis facet will be formed at the initial growth stage, acting as a preferential
nucleation side for the cubic polytype. Starting from this side, the 3C will laterally expand
due to step flow growth covering the hexagonal substrate completely. The thickness
necessary for a complete coverage is thereby predetermined by the use of the cut angle of the
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substrate and will increase for higher off-cuts. The SE setup creates a high supersaturation
based on a small distance between source and seed and high temperature gradients,
enhancing the polytype change towards 3C SiC. Additionally, the growth temperature
is kept under 2000 °C in combination with an Si rich gas phase, which further stabilizes
the cubic polytype. However, the nucleation of 3C SiC on hexagonal SiC polytypes is
usually accompanied by the formation of double position boundaries (DPBs). During the
nucleation of 3C SiC on hexagonal polytypes, the stacking sequence will be continued
thermodynamically, dictated based on the underlying two bilayers [139]. Thus, if growth
steps are present on the hexagonal substrate, 3C Seeds with varying stacking sequences
will be formed on the different terraces, leading to defective merging during the lateral
expansion of the 3C SiC, resulting in DPBs and SFs. Neudeck et al. [139] have presented
a process to effectively eliminate the formation of DBPs during heteroepitaxial 3C SiC
growth on 4H SiC substrates. They first produced a mesa-like structure by dry etching
of (0001) orientated on-axis 4H SiC wafers. Afterwards, they used a homoepitaxial CVD
growth process to completely remove atomistic growth steps from the mesas, followed by
decreasing the temperature by 50–200 °C to initiate island growth of the cubic polytype.
The lack of growth steps leads to the formation of 3C SiC seeds with the identical stacking
sequence. Therefore, no DPBS will be formed during the merging of the 3C SiC seeds during
lateral expansion. Note: The maximum size of the mesas was limited to 400 × 400 mm2

and DPB-free mesas can only be obtained if threading screw dislocations (TSD) are absent
in the 4H substrate underneath the mesas. TSDs will act as an infinite source of growth
steps, inevitably leading to the formation of stacking defects.

4.2.3. Sublimation Growth

Different from the heteroepitaxial growth methods presented above, seeding material
for the homoepitaxial growth of 3C SiC is not widely available yet. However, remarkable
progress has been made on this topic in recent years. Schuh et al. [140] developed a
transfer process to fabricate high-temperature stable 3C seeding stacks. Starting from 3C
SiC grown heteroepitaxially on Si, the substrate was removed by wet chemical etching
and the remaining free-standing 3C SiC was bonded to a polycrystalline SiC carrier using
a carbon contain glue. By eliminating the low melting point of Si (1419 °C), the seeding
stacks are suitable for the use in high-temperature sublimation growth processes, such as
close space PVT (CS-PVT). Further information regarding the CS PVT setup can be found
in [141] and chapter 5 of [142].

Using CS PVT and the mentioned seeding stacks, free-standing 3C SiC samples with
diameters up to 100 mm and a thickness up to 3 mm could be realized [143,144]. The
progress for the increase of sample diameter is depicted in Figure 11. Although the large
area samples still suffer from cracking of the thin 3C SiC film during the removal of the
CVD silicon substrate, the grown crystals show a high material quality, proved by the
low full width half maximum (FWHM) of X-ray diffraction (XRD) measurements of the
(002) reflex, which were as low as 140 arcsec. Note: Although a lot of research has been
conducted to improve the material quality, the FWHM XRD rocking curve values for
3C SiC are still higher compared to 4H SiC where values in the range of 10 arcsec can
be found in the literature [145,146]. Besides low FWHM values, it could be shown that
the SF density as well as the overall stress in sublimation-grown 3C SiC crystal could be
decreased compared to the heteroepitaxial-grown material on Si [143,147]. Based on the
work of Anzalone et al. [124,125], which was already mentioned previously, free-standing,
homoepitaxial-grown 3C SiC samples have become available. Although the material still
has some setbacks, e.g., wafer bow, it is suitable as a starting point for the sublimation
growth of 3C-SiC. Similar to the described seeding stacks, the homoepitaxial-grown seeds
allow the growth of DBP-free material, as nucleating seeds will all have the same stacking
sequence contrary to the heteroepitaxial growth on hexagonal SiC. However, compared to
the seeding stacks, no transfer process is necessary for the homoepitaxial seeds, reducing
the cracking probability and, consequently, increasing the up-scale potential. In fact, the
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first crack-free, free-standing large-scale 3C SiC crystals up to 650 µm thickness could be
produced using this homoepitaxial seeding material, as can be seen in Figure 12 [148].
Further, Schöler et al. [149]) reported an overgrowth mechanism for protrusion defects
using homoepitaxial seeds with an 4◦ off-cut towards the [100] direction. Protrusions
represent a setback that hinders the growth of bulk material up to several millimeters in
thickness. This three-dimensional defect forms close to the interface between silicon and
3C SiC during heteroepitaxial growth on silicon and can therefore be viewed as intrinsic
for the used seeding material. During further growth, this defect will latterly increase with
increasing layer thickness and distort the material quality. Inevitably, the surface of grown
crystal will be covered by protrusions at some point during the growth, depending on the
defect density. Although efforts have been made to reduce the protrusion density [111,150],
this problem is far from being solved, as complete elimination of the defect is required for
real bulk growth with boules thicknesses up to 10 mm or more.

Figure 11. Evolution of diameters for bulk 3C-SiC crystals grown by sublimation growth during
CHALLENGE project with indicated timeline. With permission from [145].

Figure 12. High resolution scan of free-standing 3C-SiC crystal grown by CS PVT on homoepitaxial
seeding layer with a diameter of 92 mm and a thickness of 650 µm. With permission from [148].

4.3. 4H Silicon Carbide
4.3.1. Bulk Growth of 4H SiC

The growth of bulk 4H SiC is mainly carried out by utilizing the physical vapour
transport (PVT) method. Demonstrated in 1978 by Tairov and Tsvetkov [151], PVT enabled
large-diameter and gas-phase single crystalline growth of hexagonal SiC, and is employed
to grow crystals of up to 200 mm in diameter (see Figures 13 and 14). Other solution growth
methods, such as top-seeded solution growth (TSSG) of SiC, are also conceivable. However,
this method is held back by the low solubility of carbon in a silicon melt. According
to the phase diagram, SiC exhibits a peritectic decomposition at approximately 2830 °C
into carbon and an Si-rich Si-C solution [152]. It has to be mentioned that crystal growth
from the melt is thermodynamically advantageous compared to vapour phase growth and
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very high-quality SiC crystals have been demonstrated with TSSG [153]. However, the
obstacles of the non-stoichiometric melt composition, combined with the early availability
and comparative ease of the implementation of PVT growth, led to an almost exclusive use
of PVT for the production of commercial SiC substrates.

(a) (b)

Figure 13. (a) Phase diagram of Si and C. (b) Schematic setup of a typical PVT growth cell and
isolation. With permission from [154].

Figure 14. 100 mm (left) and 150 mm (right) 4H-SiC crystal.

Crystal growth by PVT is taking place by inductively heating a graphite crucible
to temperatures above 2000 °C. While the high temperatures of the PVT process allow
good-quality crystals to grow, it also prevents any kind of CMOS compatibility. Inside the
crucible, a SiC source, predominantly a powder, is placed below a single crystalline seed. A
temperature gradient between the source powder and the seed ensures that mass transport
will take place once sufficient growth temperatures are reached. The SiC powder source
will sublimate and the resulting SiC gas species will recrystallize at the slightly colder seed.
The mass transport, and therefore the growth rate, can be adjusted by varying the growth
temperature in general, the axial temperature gradient inside the crucible or the growth
pressure. All materials inside the growth chamber of the PVT setup need to be stable at
high growth temperatures without breaking down in order to prevent changing growth
conditions during the growth run or unintentional doping of the growing crystal. For this
reason, graphite parts and isolations are utilized combined with a gas composition of argon
and, if necessary, nitrogen for n-type doping. P-type doping with aluminium is possible as
well, as demonstrated by Wellmann et al. [155]. The crystal growth is started by heating up
to growth temperatures and the subsequent lowering of the pressure. The growth rate lies
in the range of 50 to 500 µm/h but, depending on the growth cell design, can be set to rates
up to 1 mm/h. Since hexagonal polytypes of SiC are grown at much higher temperatures
than the cubic polytype, the crystal quality also tends to be of a higher quality with less
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structural defects. A more extensive description of the mechanics of PVT growth can be
read elsewhere [156,157].

4.3.2. Defects in Hexagonal SiC

The main challenge in PVT growth lies in the minimization of defects present in
the crystal lattice. The diminishing effect of defects on the performance of SiC-based
devices has been reported extensively. Micropipes (MP) can lead to breakdowns of p-
n junctions [158,159], high densities of threading screw dislocations (TSD) have been
correlated to lower breakdown voltages of 4H-SiC rectifiers and basal plane dislocations
(BPD) are reported to increase the leakage current in MOSFETs [160] or JFETs [161]. While
threading edge dislocations (TED) are also reported to reduce the breakdown voltage
of Schottky devices [162], they have the least impact of the aforementioned defect types.
Defects can either be generated due to process conditions or are inherited from the seed.
MPs, TSDs and TEDs lie parallel to the growth direction while BPDs lie within the basal
plane perpendicular to the growth direction. Dislocations can be revealed by selective
etching with molten KOH at 500–520 °C for 5–10 min [163]. Only the Si-terminated face (so
the (0001)-plane) is etched in an anisotropic fashion. The (0001)-plane or C-face is etched
with an etching rate four times as fast and does not reveal any etch pits [164].

Figure 15 depicts a typical SiC wafer surface etched with molten KOH. All main defect
types are shown. The BPD exhibits a characteristic elongated etch pit since the dislocation
line lies perpendicular to the growth direction. BPDs are only visible in KOH-etched
samples if there is a slight off-axis angle in respect to the (0001)-plane. TEDs are expressed
by a small circular etch pit while TSD etch pits have a more pronounced hexagonal shape.
In Figure 15, you can see several sizes of TSD etch pits. The reason for that lies in the
different values the burgers vectors of TSDs can assume. It was demonstrated that TSDs
exist with burgers vectors b ≤ 3c [165]. The different sizes of the TSDs in the depicted
KOH-image most likely correlate to different amounts of b. The largest etch pits belong to
MPs. Since MPs are essentially TSDs with an open core and burgers vectors b ≥ 3c [166],
the etch pit looks up-scaled but similar. The overlap between MPs and TSDs at 3c means
that, without directly observing the open core of MPs, it is very difficult to differentiate
between a 3c MP and a 3c TSD in a KOH etching image. Other defect characterization
methods worth mentioning are photoluminescent mapping, X-ray topography or Raman
spectroscopy. A more extensive overview can be found in [167].

MPs are formed by carbon inclusions [168], adsorbing onto the growth interface during
the process and inhibiting the step-flow, polytype switches during the growth [169] and
insufficient backside protection against sublimation of the crystal [170,171]. These issues
are largely resolved by now, demonstrated by growing MP-free 4H-SiC single crystals of
up to 200 mm diameter [172]. The main focus currently lies in the reduction of the TSD and
BPD density. TSDs are known to be formed due to the formation of independent growth
islands during the initial seeding phase [173]. This can be remedied by utilizing off-axis
seeds. BPDs, on the other hand, are induced by stress in the crystal, either during or after
the growth is concluded, since deformation in hexagonal SiC polytypes takes place in the
<1120̄>{0001} slip system. As a conclusion, the stress present in the crystal and the BPD
density is closely connected. To reduce the BPD density, the different sources of stress have
to be considered. One is the difference in the coefficient of thermal expansion (CTE) of the
different materials utilized in PVT growth. A crystal can be considered to be growing in a
stress-free manner at growth temperatures since the thermal energy will enable it to include
dislocations to adapt to present strain immediately. If the crystal is firmly connected to
graphite parts, such as the seed holder or the crucible wall, during cool-down, the different
CTEs of SiC and graphite will lead to stress and the generation of BPDs before reaching
the ductile-brittle transition temperature of 1050 °C [174]. However, even if all contact to
graphite is prevented, the temperature gradients inside the crystal before cooling down will
induce stress once room temperature is reached [175,176]. This is also true for the radial
temperature gradient. It was demonstrated numerically and experimentally that, from

138



Materials 2023, 16, 1014

the shoulder region of a crystal, BPD arrays form and propagate into the crystal [177,178].
Therefore, low radial and axial gradients are preferred, without either inducing a concave
growth interface or reducing the mass transport between source and seed too much. The
control of the temperature gradients becomes even more important if bigger diameters
of crystals, such as 200 mm, are to be grown since the total difference in temperature
between the center of the crystal and its edge increases. Additionally, nitrogen doping in
SiC modifies the CTE of hexagonal SiC [179]. Due to the nature of PVT growth, during
the seeding phase, adsorbed nitrogen gas species can release from the graphite isolations,
which subsequently leads to a sharp increase of doping for the first few µm of crystal
growth. This, in turn, leads to a high amount of stress during the cool-down phase [180]. A
controlled gradual increase of the nitrogen gas flux during the start of growth will prevent
the inhomogeneous doping and therefore avoid excessive BPD formation. In addition, the
utilized graphite parts should be of high purity, in the range of 6N, optimally combined
with a purging step prior to growing. This is especially important if semi-insulating SiC for
the novel photonic application in the topic of quantum information is desired, elevating
the need for purity into magnitudes of 7N to 8N.

Figure 15. Microscopic image of typical etch pits in a 4H/6H-SiC wafer, etched with KOH.

4.3.3. X-ray Imaging

The high temperatures during the PVT process prevent a direct observation of the
growing crystal. PVT setups are mostly limited to measure the temperatures above and
below the growth cell with optical pyrometers through thin channels in the graphite
isolation. However, it is possible to utilize 2D X-ray imaging to approximate the in situ
growth rate and powder consumption [181–183], enabling the fine-tuning of parameters,
such as the thermal field and consumption rate of the SiC source. For more specific
inquiries of the growth process, advanced 3D imaging can be employed. Such sophisticated
systems are not commercially viable due to the technical complexities; however, in an R&D
environment, they have been proven to be incredibly valuable in considering problems
such as the evolution of the crystal’s facet during growth [184], the specific morphology of
the powder source for the determination of dynamic source material properties [185], as
well as the impact of the curvature of the growth interface on the defect distribution in the
resulting crystal [186].

4.3.4. Numerical Modeling

Besides X-ray imaging, numerical modeling is utilized to further characterize the
growth cell. This tool can be used to adjust a wide range of parameters, such as the shape
of the temperature field inside the crucible, without having to perform time- and material-
consuming test runs [185,187,188]. Figure 16 depicts a typical modeling result. To obtain a
high accuracy of the modeling results, the main task is a precise knowledge of the material’s
properties over a wide range of temperature. Laser flash analysis can be employed to obtain
the temperature-dependent thermal conductivity while dilatometry is useful to characterize
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the thermal expansion. The temperature measurements provided by pyrometers can be
used to validate the model. Further research of the SiC material system allowed to model
the mass flow inside the crucible during a process [187,189,190]. In [190], 13C was utilized
in the powder source, combined with X-ray imaging to track the mass flow during a PVT
growth run and the results were subsequently compared with the numerical calculations.
The growth kinetics within the growth cell and the stress acting on the growing crystal
were investigated by several workgroups [180,191,192], followed by the assessment of the
formation and movement of dislocations [136,177,193,194]. State-of-the-art modeling of the
PVT growth cell allows the accurate depiction of the conditions present during the growth
process, which would otherwise not be obtainable.

Figure 16. Calculated temperature field of a typical growth cell in a PVT reactor.

4.3.5. CVD Growth of 4H-SiC

Like the cubic polytype, 4H-SiC can also be epitaxially grown employing the CVD
method, as was first reported by Matsunami and Kimoto [195]. Since the 3C polytype is
thermodynamically more stable than the hexagonal polytypes at the typical growth tem-
peratures of the CVD process, homoepitaxial growth of 4H-SiC needs off-cut substrates to
prevent polytype switches. As long as the step-flow growth mode, as described by the BCF
model, is retained [196], the polytype of the substrate can be reproduced even though the
thermodynamic conditions for hexagonal SiC are unfavorable at lower temperatures [197].
This holds true as long as there are no growth islands on large-area terraces. One important
advantage of the CVD-growth of 4H-SiC layers is the conversion of BPDs to TEDs through
image-force effects present at lower off-cut angles, such as 2 to 4◦ [198,199]. To some
degree, this conversion is also happening in PVT-growth, although there, it is much less
controllable. The general mechanics of homoepitaxial CVD growth are the same as for the
heteroepitaxial growth of 3C on Si, described in the previous section. Special care has to be
taken to prevent disruptions of the step-flow caused by side reactions during the growth
process, such as condensation of Si atoms and resulting Si droplets. While a lower off-cut
angle of the substrate increases the image-force and, therefore, the conversion of BPDs into
TEDs, it also increases the size of terraces and the probability of 3C-SiC islands. To prevent
this, the diffusion length of an adsorbed Si or C atom on the substrate should at least reach
half of the terrace width. The main parameters to vary are the growth temperature and
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the gas fluxes of the precursor gases silane and propane. Compared to PVT-growth, the
growth rate seldom reaches values above 50 µm/h, making CVD-growth unsuitable for
bulk growth of SiC. However, the process temperature can be set to values below 1200 °C,
making a CMOS compatibility possible.

5. Conclusion and Perspectives

The exceptional optical properties of bulk SiC will be enhanced when light is confined
in nanoscale waveguides, so that the devices become more compact and energy efficient.
Broadly speaking, SiC has been used in the photonic field in such cases as being a substrate
for high-efficiency GaN-based LED because of its small lattice mismatch to GaN, emitting
light by doping donar-acceptor pairs and forming porous structures [200,201]. In this
review paper, a novel photonic application of SiC is presented. Although this field is
very young, about 10 years old, many breakthroughs have been achieved, thanks to the
already mature SiC growth and fabrication technologies. Compared to the longer-existing
material platforms for photonic integrated circuits (Si, SiO2, SiN, LiNbO3, AlGaAs, etc.),
SiC is outperforming on both its nonlinear optical properties and its potential as a perfect
candidate for a single photon source for future quantum photonic integrated circuits. SiCOI
stacks with a polytype of 4H, 3C and amorphous have been demonstrated by different
formation methods, and high-quality-factor (>1 million) microring resonators have been
reported. A lot of passive and active devices are demonstrated, such as beam splitter,
polarization beam splitter, modulator, frequency comb, etc [23,38,63,74].

From a loss reduction point of view, any defects causing absorption and scattering of
light at the device working wavelength should be eliminated. However, there are a bunch
of point defects in SiC which are optically addressable and could be potentially used for a
single photon source, a key device for quantum technology. Integrating SiC single photon
source, monolithically, with other building blocks enables SiCOI a game-changer for the
future of quantum PIC [202].

But, before SiC really plays a crucial role in QPIC, further research and development
are needed:

(1) Low-loss SiCOI stacks are widely available.
(2) The insertion loss of the chip, including propagation loss and coupling should be less

than 3 dB.
(3) More SiC-based quantum devices should be demonstrated, such as quantum memory,

detectors, etc.
(4) SiC color centers should be further explored and prepared as a competitive candidate

for a single photon source for real applications in communication, computing, etc.

6. Impacts of Novel Photonic Applications of SiC

The research in silicon carbide started to have strong momentum in the 1990s. That
decade had a heavy focus in research and in Europe several EU projects were initiated. The
first ones were mainly in bulk growth and included some epitaxy and device development.
Epitaxy and device challenges were heavily related to defects in research-grade wafers, and
epitaxy recipes and issues such as stable electrical contacts were not in place. Test devices
suffered from structural variations within wafer areas, as well as between wafers. The first
European wafer suppliers emerged 20–25 years ago and slowly substrates became more
available for device development. The market started to grow slowly, firstly by the sale
of materials. It was only when devices became available that the market started to grow
faster. The SiC diodes and power electronics pushed the market, and also started to require
more wafers. As a consequence, the wafer prices have steadily decreased and volume
manufacturing is now established. Today, many market players are entering and the SiC
device market will grow to billions of US dollars annually. The journey from research to a
strong, growing SiC market has taken about 30 years.

The efforts in the research decade created a strong momentum in Europe. Researchers
built their competence and gained network and personal relations. While conducting
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present projects, new ideas emerged through the exchange between researchers. The
fluorescent silicon carbide for a new white LED was one of the European avenues which
gathered a cluster of research groups in the year 2010, with teams from Denmark, Germany
and Sweden, which now present this review article. They have continued to collaborate
and propose new projects with other partners having complementary expertise. In such a
way, silicon carbide research expanded to other avenues and started to grow to applications
other than the original ones that were related to power devices. The European efforts in
SiC from the 1990s have grown momentum.

The next phase of momentum is given by impact creation. Projects are typically
described by complementary partners and value chains. The motivations are given by
technical advantages and better performances. Increasingly, there are aims like the Green
Deal, Sustainable Development Goals (SDGs), and others which have a long-term aspect.
Even though those are reasonable motivations, there should be sooner goals which show
synergies. This is where regional development of Smart Specialisation Strategies (S3) comes
in. It is a place-based innovation policy concept in which regional priorities are supported.
This is achieved through the entrepreneurial discovery process in innovative sectors, fields
or technologies. It applies a bottom-up approach to find and support regional scientific
and technological development. The S3 is, in simplified terms, described as ways to create
more economical growth in European regions. By finding areas of strength and specializing
in more efforts such as this one, there will be a sustainable way to increase economic
growth. This is basically achieved by finding partners in regions and collaboration in
regions which are complementary. It, in fact, describes various ways to have value chains.
Thus, value chains are common in both technology and smart specialization motivations
and implementation. The S3 was introduced about ten years ago. To date, more than 120
Smart Specialization Strategies are developed in EU regions and Member States. Now
comes Sustainable Smart Specialization Strategies (S4). The S4 has an emphasis on the
importance of taking a long-term view of the development of a region. It should not just be
as an adaptive path, rather, it should be a proactive path.

The SiComb project is an H2020 EU-FET Open project that explores the photonic
application using SiC, as described in the technical part of this paper. The EU FET Open,
and EIC Pathfinder, as denoted in the Horizon Europe Programme, are projects that present
ideas with potential radical technology leaps, looking forward 10–20 years. These are early
stages of research with potential for high gain, if the research and technology challenges
can be managed.

Clearly, there can be synergies and proactive development by aligning technology and
regional development and their motivations to gather stakeholders. Creating exchange
between different stakeholders, such as researchers, regional development actors, policy
makers, citizens, and other relevant players will produce the momentum which aligns the
development of smart specialization and technology for society. The common overall aim of
sustainable approaches for SDGs and the Green Deal will be more efficient by considering
such joint impact creation.
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