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Wide bandgap (WBG) semiconductors are becoming a key enabling technology for
several strategic elds of human activities. SiC- and GaN-based transistors are nding their
way to market and are expected to become the technology of choice for high-power-density
RF ampli ers and high-ef ciency power converters, the latter being indispensable elements
for the electri cation of transports and of energetic systems in industry and buildings.
GaN LEDs are the light source technology dominating all segments of the illumination
market today. llI-nitrides are being evaluated as materials for sensor and transducers.
WBG semiconducting oxides are emerging as new materials having potentially superior
properties for different applications, such as power conversion, displays and illumination.

Research is still required for all of the above technologies at different levels, from
materials to devices and from circuits to systems, so the success of this Special Issue is
not surprising. There are 23 papers published, including 20 articles and 3 review papers
providing contributions within the full spectrum of the WBG semiconductor applications
delineated above. Not surprisingly, one-third of the papers [ 1-7] focuses on GaN device
technologies, which are important for next-generation high-ef ciency power converters
and their impellent contribution to the decarbonization of human activities. In addition,
three papers [8-10] address GaN and SiC circuital applications in power conditioning
systems. One paper deals with GaN LEDs [11], whereas three contributions [ 12-14] are
concerned with llI-nitride-based devices for sensing applications. Two papers [ 15,16] cover
advanced processing techniques. The remaining papers [L7-23] explore the properties and
growth techniques of emerging WBG materials.

Regarding GaN device technologies, Jorudas et al. [l] presents results from buffer-free,
AlGaN/GaN Schottky barrier diodes and HEMTs on SiC substrates, showing uncom-
promised performance for high-frequency and high-power applications. Kim et al. [ 2]
propose a normally off, p-GaN/AlGaN/GaN HFET, allowing for unidirectional operation
by means of a p-GaN drain electrode shorted to the ohmic drain electrode and avoiding
the need for a separate reverse blocking device. Huang et al. [3] characterize normally
off, p-GaN gate, AlIGaN/GaN HEMTSs they fabricated on a low-resistivity SiC substrate,
guaranteeing ef cient heat removal in high-power performance at a price that is lower than
high-resistivity SiC. Alim et al. [ 4] report on a systematic study based on the measurements,
an equivalent-circuit model and sensitivity analysis of the temperature-dependent DC and
microwave characteristics of 0.15- m ultra-short gate-length AIGaN/GaN HEMTs over a
wide temperature range from 40 Cto 150 C. A novel method to achieve AlIGaN/GaN
MIS-HEMTs in a Si-CMOS platform along with a process for repairing interface defects by
a supercritical NH 3 uid treatment are reported by Liu etal. [ 5]. Zagni et al. [6] investi-
gated the compensation ratio between the densities of donors and acceptors introduced
by carbon doping in the buffer of GaN power HEMTs, assumed to correctly simulate
breakdown voltage and current collapse effects. A comprehensive review of the current
status of GaN-on-Si transistor technologies is provided by Hsu et al. [ 7], along with recent
different substrate structures, including silicon-on-insulator, engineered substrates and the
3D hetero-integration of GaN and CMOS technologies.
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A power conditioning system is designed and built using SIC MOSFETSs as switching
devices by Ma et al. in [8], which, by leveraging the excellent thermal and voltage capability
of SIC MOSFETSs, is suitable for grid-level energy storage systems based on vanadium redox

ow batteries. A digitally controlled photovoltaic emulator based on an advanced GaN
power converter is developed by Ma et al. in [ 10], whereas in [9], the driving requirements
of SiC MOSFETs and GaN HEMTs are illustrated, and the driving circuits designed for
WBG switching devices are surveyed.

In[11], Kim et al. demonstrate that InGaN/GaN MQW LEDs on Si substrates with
an AIN buffer layer grown with NH 3 interruption show improved crystal quality and
enhanced optical output compared to LEDs with conventional AIN buffer. On the sensing
application side, AIN is exploited by Chiu et al. [ 12] to fabricate piezoelectric microma-
chined ultrasonic transducers that are used to build a high-accuracy time-of- ight ranging
system. Nguyen et al. [13] investigate the sensing characteristics of NO, gas sensors based
on Pd-AlGaN/GaN HEMTSs at high temperatures, while Thalhammer etal.[ 14] describe a
novel class of X-ray sensors based on AlGaN/GaN HEMTs offering superior sensitivity
and the opportunity for dose reduction in medical applications.

On the advanced processing technique side, laser micromachining on the frontside of
SiC and sapphire wafers and the conditions by which the degradation of the performance of
GaN HEMT electronics on the backside can be avoided are investigated by IndriSi unas et al.
in [15). A novel dual laser beam asynchronous dicing method is proposed by Zhang et al.
in [16] to improve the cutting quality of SiC wafers.

Regarding the properties and growth of emerging WBG materials, a methodology to
synthesize gallium nitride nanoparticles by combining crystal growth with thermal vacuum
evaporation is proposed by Fathy et al. in[ 22]. AIN is explored as an ultra WBG material in
three papers: annealing Ni/AIN/SiC Schottky barrier diodes in an atmosphere of nitrogen
and oxygen is shown to lead to a signi cant improvement in the electrical properties of the
structures by Kim et al. in [ 19]; the effect of high-temperature nitridation and a buffer layer
on semi-polar AIN Ims grown on sapphire by hydride vapor phase epitaxy is studied by
Zhang et al. [21]; and the thermal annealing of AIN Ims with different polarities and its
impact on crystal quality are studied by in Yue et al. in[ 23]. The effect of the annealing
temperature on the microstructure and performance of sol-gel-prepared NiO Ims for
electrochromic applications is analyzed by Shi et al. in [ 17]. Solution-processed In,03 thin

Ims and TFTs are fabricated, and the factors affecting the stability of these devices are
investigated by Yao et al. in [ 18]. The electronic structure and the optical properties of Sr-
doped -GayOgj are studied by Kean Ping et al. [20] using DFT rst-principles calculations.

| would like to take this opportunity to thank all the authors for submitting their
manuscripts to this Special Issue and all the reviewers for their time and their fundamental
help in improving the quality of the accepted papers.

Conicts of Interest:  The author declares no con ict of interest.
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Abstract: We report on the high-voltage, noise, and radio frequency (RF) performances of aluminium
gallium nitride /gallium nitride (AlGaN /GaN) on silicon carbide (SiC) devices without any GaN bu er.
Such a GaN-SiC hybrid material was developed in order to improve thermal management and to
reduce trapping e ects. Fabricated Schottky barrier diodes (SBDs) demonstrated an ideality factor
n at approximately 1.7 and breakdown voltages ( elds) up to 780 V (approximately 0.8 MV/cm).
Hall measurements revealed a thermally stable electron density at Nopeg = 1 1013 cm 2 of
two-dimensional electron gas in the range of 77-300 K, with mobilities =17 10° cm?/Vs
and =1.0 10*cm?V sat 300 K and 77 K, respectively. The maximum drain current and the
transconductance were demonstrated to be as high as 0.5 Amm and 150 mSmm, respectively, for the
transistors with gate length Lo =5 m. Low-frequency noise measurements demonstrated an e ective
trap density below 101° cm 2 eV 1. RF analysis revealedf; and fmax values up to 1.3 GHz and
6.7 GHz, respectively, demonstrating gures of merit ft Lgupto6.7 GHz m. These data further
con rm the high potential of a GaN—SiC hybrid material for the development of thin high electron
mobility transistors (HEMTs) and SBDs with improved thermal stability for high-frequency and
high-power applications.

Keywords: AlGaN /GaN; SiC; high electron mobility transistor; Schottky barr ier diode; breakdown field;
noise; charge traps; radio frequency

1. Introduction

Aluminium gallium nitride /gallium nitride (AIGaN /GaN) high electron mobility transistors (HEMTS)
are widely used in high-power and high-frequency applicati ons due to their superior characteristics
based on the unique physical properties of lll-nitride mate rials. The AlGaN /GaN heterostructures can be
grown on sapphire, silicon, silicon carbide, and native GaN substrates [1-7]. While sapphire and silicon
substrates are the most cost-effective, the best charactastics are achieved on transistors fabricated on silicon
carbide (SiC) and GaN substrates. Considerable improvements in electrical performance including the
low-frequency noise were demonstrated on the AlIGaN /GaN/sapphire platform [ 8,9]. The advantage
of the SiC over GaN substrates is higher SiC thermal conductivity and therefore potentially better
thermal management of the transistors fabricated using AlGaN /GaN/SiC structures. The common
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approach to compensate for lattice mismatch and to reduce the dislocation density in these structures
is to grow the aluminium gallium nitride (AIN) nucleation layer (NL) with reduced crystalline quality
followed by a several-micrometres-thick GaN bu  er doped with deep acceptors such as Fe or C which
compensate for residual doping of an n-type GaN [10-12]. However, this approach deteriorates the
overall thermal resistance of the structure and diminishes the advantage of a SiC substrate operating
as a heatsink [L3,14]. Also, the acceptor-type impurities in a thick GaN bu  er introduce deep charge
trapping centres, resulting in the increase of low-frequency noise, and facilitate the current collapse
e ectsin HEMTs [9,15,16].

A new heteroepitaxy approach based on thin GaN—-AIN-SiC heterostructures without a GaN
bu er has been developed recently [17,18]. Although this approach has already been demonstrated to
be promising, there are only a few studies on realistic devices such as transistors [17,19]. Thin GaN—
AIN-SIC structures should provide better thermal management of the devices and could potentially
reduce short channel e ects. One expects also that this technology will reduce the e ects of traps from
a GaN:C bu er. However, the GaN:C bu er helps in reducing the number of threading dislocations.
Therefore, GaN—-AIN-SIC structures with the thinbu  er may exhibit a higher concentration of threading
dislocations, which may deteriorate the characteristics of devices. Indeed, it is well known that the
dislocations may act as traps increasing low-frequency noise and current collapse e ects andor
lowering maximum voltage breakdown of the devices.

In this work, the GaN—AIN-SiC hybrid material was used to develop thin Schottky barrier diodes
(SBDs) and thin HEMTs (T-HEMTS) to study realistic devices under high DC voltages and in radio
frequency (RF) regimes. We show that all the devices fabricated on this material have good thermal
stability and demonstrate good DC as well as radio frequency (RF) characteristics. By systematic
low-frequency noise measurements, we estimated the trap density, showing that avoiding a GaN:C
bu erin the GaN-AIN-SiC material does not lead to an increase in active (dislocation related) trap
density. We also show that deep trap-related current collapse phenomena are avoided and that all the
fabricated devices demonstrate good DC, high voltage, as well as radio frequency (RF) characteristics.
This way, we con rm the high potential of a GaN-SiC hybrid material in the development of improved
thermal stability HEMTs and SBDs for high-frequency and high-power applications.

2. Materials and Methods (Experimental Details)

The heterostructures with the sequence of layers shown in Figure 1a were obtained commercially
from the “SweGaN” company. They were grown on a 4” diameter, 500- m-thick semi-insulating SiC
substrate. The layers consisted of a 2.4-nm GaN cap, a 20.5-nm Ad ,5Gag 75N barrier, and a 255-nm
GaN channel grown directly on a 62-nm high-quality AIN NL on SiC. The sheet resistance ( Rgp)
of the as-grown T-HEMT structure determined from contactless eddy current measurements was
380 10W . The band diagram and electron distribution were calculated by a 1D Poisson simulator
using the nominal thickness of all layers [ 20,21]. The results are shown in Figure 1b. The density of
the two dimensional electron gas (2DEG) was calculated by integrating an electron distribution in the
quantum well. Its value was found to be about 1~ 103 cm 2.

The devices were fabricated using standard ultraviolet (UV) photolithography [ 8,22]. Mesas of
140 nm depth were formed by inductively coupled plasma reactive ion etching (ICP-RIE)
(Oxford Instruments , Bristol, UK) using Cl plasma and chemical treatment in tetramethylammonium
hydroxide (TMAH) solution (Microchemicals, Ulm, Germany). For ohmic contacts, Ti /AlI/Ni/Au
metal stacks of thicknesses 3@0/20/150 nm were deposited and annealed in nitrogen ambient
for 30 s at 850 C. The resistance R¢), and the speci c resistivity ( ¢) of ohmic contacts were
determined by transmission line method (TLM), demonstrating average values of about1 W mm
and2 10 °W cm?, respectively. Schottky contacts were formed from Ni /Au (25/150 nm).

The Schottky diodes (Figure 2) and HEMTs of two di  erent designs (see Figures 3 and 4) were
fabricated. Circular SBDs were used by depositing an inner Schottky contact with radius r =40 mand
an outer ohmic contact of a variable radius in such a way that the distance between the electric contact,
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L,ranged from5 mto40 m (see Figure 2). The designs of the Schottky diodes and transistors shown
in Figures 2 and 4, respectively, do not require mesa isolation. For testing at RF, the transistor design

shown in Figure 3 was used (RF T-HEMT).
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Figure 1. (a) Schematic of the thin high electron mobility transistor (T-HEMT) structure cross section
with ohmic and Schottky contacts and ( b) the calculated band diagram and electron density distribution
in the upper layers of the heterostructure.

Figure 2. Microscope image of the fabricated Schottky barrier diode (SBD): L is the separation between
the Ohmic and Schottky contacts. The scale baris 50 m.
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Figure 3. Microscope image of the radio frequency (RF) T-HEMT (left hand side) and details of the
design parameters (right hand side) illustrating the Gate (G), Source (S), and Drain (D) electrodes in a
150- m pitch implementation.
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Figure 4. Microscope image of the fabricated DC T-HEMT: the scale bar is 100 m.

These RF T-HEMTSs consisted of 200 m (RF T-HEMT-1) or 300 m (RF T-HEMT-2)-wide two- nger
transistors, each of drain-source distanceLsp = 14 m, gate length Lg =5 m, and gate-source distance
Lsg=5 m. For comparison, the T-HEMTs with rectangular-type electrodes (see Figure 4), labelled here
as DC T-HEMT, were also investigated (see also reference P]). Similar to RF T-HEMTs, all DC T-HEMTs
had the same gate length and gate-source distance of 5 m, but the channel width was of 200  m and
the drain-source distances were 17.5 m, 15 m, and 12.5 m for three sample transistors labelled DC
T-HEMT-1, DC T-HEMT-2, and DC T-HEMT-3, respectively.

All transistors were measured on the wafer in DC and RF regimes by using Siiss Microtech
probe station PM8 (SUSS MicroTec SE, Garching, Germany). For the RF measurements, the G-S-G
(ground-signal—ground) 150- m pitch high frequency probes, Agilent E8364B PNA Network Analyzer
(Agilent, Santa Clara, CA, USA), and E5270B Precision IV Analyzer with IC-CAP software were used
(Keysight Technologies, Santa Rosa, CA, USA). The two-step open-short de-embedding method was
implemented, and small signal S-parameters were obtained. The unity current gain cut-o  frequency
(fr) and the unity maximum unilateral power gain frequency ( fmax) were found from de-embedded
S-parameter frequency characteristics.

The SBDs were investigated using EPS150 probe station (Cascade Microtech, Beaverton, OR, USA),
high voltage source-meter Keithley 2410 (Tektronix, Beaverton, OR, USA), and impedance analyser
Agilent 4294A (Agilent, Santa Clara, CA, USA).

The low-frequency noise in transistors was measured in the linear regime with the source grounded.
The voltage uctuations from the drain load resistor, R, were ampli ed by a low-noise ampli er and
analysed using “PHOTON?” spectrum analyser (Bruel & Kjaer, Neerum, Denmark). The spectral noise
density of drain current uctuations was calculated inthe usualwaywith S = Sy ((R. + Rps)/ RLRDS)Z,
where Sy is the drain voltage uctuations and Rpg is the total drain to source resistance.

3. Experimental Results and Discussions

The 2DEG density (Nopeg), mobility ( 2peg), and sheet resistance Rsn) were determined in
the Hall experiments using Van der Pauw (VdP) geometry. The results are summarized in Table 1.
Good agreement between the calculated carrier density, an integral of electron distribution in the
quantum well (see Figure 1b), measured sheet resistance using contactless eddy current method,
and the results of the Hall experiment were found within a deviation interval of 7%.

Table 1. Parameters of 2DEG in T-HEMT heterostructures at 300 K and 77 K.

Hall Measurements Simulation Eddy Current
Measurements
Parameter 300K 77K 300 K 300K
Nopeg, 108 cm 2 1.00 0.96 1.0 -
2DEG: CM2/V s 1.7 166 10 10* - -
Rsh, W/ 375 64 - 380 10
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These values are typical for the state-of-the-art AlGaN /GaN heterostructures [23-27]. Therefore,
we can conclude that elimination of the bu er layer did not worsen the parameters of the 2DEG.

3.1. Performance of SBDs

Typical capacitance—voltage (C-V) characteristics of SBD measured at frequencies 100 kHz and
1 MHz are shown in Figure 5a. One can see that frequency dispersion is negligible, indicating that deep
levels do not a ect the C-V characteristics. The pinch-o voltage (Vpo) needed to fully deplete a 2DEG
channel was found to be about 3.1 V. The density of 2DEG under Schottky contact was calculated
using the integral capacitance technique [28]:

70
1

NG 2pEG = oA Cp(V)av, 1)
Vo

where eis the elementary charge, A is the area of Schottky contact, and Cp(V) is the capacitance.
The carrier density N dependence on the distance from the surface W was found from C-V data using

the following formulas [28]:
" A

W= C_P, )
|
o Cpd dop(Vv) !
- e"'PAZ dv ’ &)

where " = 8.9 is the relative permittivity of GaN and " is the vacuum permittivity. The obtained N
dependence on the parameter W is shown in Figure 5b. The density of 2DEG was found to be Ng.opeg
=0.69 1023 cm 2at 300 K. This density is smaller than that found from the Hall measurements due to
depletion by the Schottky barrier built-in voltage [29,30].
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Figure 5. (a) Capacitance-voltage (C-V) characteristics of SBD with L = 20 m at modulation frequencies
of 100 kHz (red line) and 1 MHz (blue line), and ( b) carrier distribution N(W) calculated from C-V data
using Equations (2) and (3).

Figure 6 shows examples of the forward and reverse current—voltage characteristics of SBDs.

The forward current—voltage characteristics demonstrated an ideality factor of n  1.7. The barrier
height found based on the thermionic emission (TE) model was ' = 0.75 eV. These values are typical for
Ni/AlGaN Schottky barriers [ 31]. Under reverse bias, leakage currents were saturated at approximately
5V and remained constant until the breakdown (see Figure 6b). Moreover, SBDs demonstrateda
su ciently high jon/jogr ratio; for example, for SBD with L = 40 m, the highest achieved value
was found to be more than three orders of magnitude, jon/jorr 3200, taking into account also the
reverse-current densities prior to a breakdown which occurred at a voltage of ~ 780 V. Furthermore,
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a 2.5 timesimprovement in the maximum current density was obtained in comparison with previously
reported SBDs fabricated on standard AlGaN /GaN HEMT structures with a thick GaN:C bu  er [8].
Note the dependence of forward current on the distance between ohmic and Schottky contacts
indicating good performance of the fabricated ohmic contacts with negligible losses.
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Figure 6. (a) Reverse current-voltage characteristics of SBDs and b) current-voltage characteristics of
SBDs with L =5 and 40 m at low voltages.

GaN-AIN-SiC bu er-free structures with a thin AIN layer may potentially exhibit a higher
concentration of the threading dislocations, which may deteriorate the breakdown characteristics.
On the other hand, as discussed in References 17,18], high-quality AIN NL in a T-HEMT structure can
serve as a back barrier which enhances the critical breakdown eld. Figure 7 shows the breakdown
voltage and critical electric eld dependences on the distance between ohmic and Schottky contacts.

800
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- 500
400/

300

Distance L, um

Figure 7. Breakdown voltage and critical electric eld dependences on the distance between ohmic and
Schottky contacts: error bars in the critical eld data are depicted by the size of the symipglst: images of
L =40 m SBD before and after breakdown (scale bar is 50 m).

As seen in Figure 7, the breakdown voltage depends on the distance, L, between contacts and
ranges from 800 Vto 400 VforL=40 mand L=5 m, respectively. The average breakdown eld
for L=5 m devices was found to be 0.8 MV/cm. It is worth noting that the maximum critical eld
asymptotically decreased down to 0.2 MV /cm with distance increasing from5 mto30 m and was
independent of the distance for larger L values. The inset in Figure 7 shows the optical microscope
images of a Schottky diode before and after breakdown. One can see that the inner contact is mostly
damaged. Lateral breakdown occurs close to the inner Schottky contact, where the electric eld has its
maximum. A similar reverse breakdown eld dependence on the distance between two ohmic contacts
fabricated on the T-HEMT with locally removed 2DEG was reported previously in Reference [ 18].
There, the critical breakdown eld values reached 2 MV /cm for a short distance of L=5 m between

10
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two isolated devices. In our work, realistic devices—SBDs—were investigated in the reverse bias
regime, demonstrating similar behaviour for the breakdown eld with maximum values close to
0.8 MV/cm for the short distance (5 m) between Schottky and ohmic contacts. Therefore, we conclude
that the actual breakdown eld is higher than 0.8 MV /cm and the absence of the thick GaN bu er does
not deteriorate the breakdown characteristics by much.

3.2. Performance of T-HEMTs

Typical DC characteristics of representative T-HEMT are shown in Figure 8. As seen in Figure 8a,
RF T-HEMT demonstrated drain current saturation at the level of 266 mA /mm under DC biases of
Vp =10V and Vg =+ 1 V. This translates into an input power value of 2.6 W /mm for T-HEMT with a
channel width of 0.4 mm. The drain current in the saturation region fell by 1-2% only. This indicates
the advantages of e cient heat removal from the 2DEG channel in AlIGaN /GaN with AIN NL that
exploits the absence of the bu er layer and high thermal conductivity of the SiC substrate.

The transfer and transconductance (gn) characteristics atVp = 5 V for various T-HEMTs are
shown in Figure 8b,c. The impact of mesa on the device performance can be identi ed from the transfer
characteristics. Indeed, the circular DC T-HEMT devices demonstrated up to two orders of magnitude
larger leakage currents in comparison to those measured for RF T-HEMTs. Both the maximum drain
current and the transconductance values were found to be higher for the DC T-HEMTs demonstrating
values up to 507 mA/mm and 154 mS/mm, respectively. Meanwhile, RF T-HEMTs demonstrated only
266 mA/mm and 77 mS/mm. The pinch-o region is observed beyond a gate bias of 3V, which is in
good agreement with Vo obtained from C-V measurements.

One of the most e ective ways to evaluate the quality of the material and the deep level traps is the
low-frequency noise measurements. It is well known that low-frequency noise may di  er signi cantly
for the devices with almost identical DC characteristics. Elevated noise level is an indication of lower
quality of the material, higher concentration of the deep level traps, lower reliability, and reduced
lifetime of the devices. In the majority of cases, the low-frequency noise in eld e ect transistors
complies with the McWhorter model [ 32,33]. In accordance with the model, the 1/f low-frequency
noise is a result of tunnelling of the carriers to the layers adjacent to the channel. The model allows for
estimation of the e ective trap density responsible for noise, which is a good gure of merit for the
noise level and overall quality of the material.

The spectra of the drain current uctuations had the form of 1 /f noise with exponent = 0.9-1.1
The dependences of the noiseS;/12 on the gate voltage swing (Vg-V1) atf = 10 Hz for three representative
devices are shown in Figure 9a (here, V1 is the threshold voltage determined from the transfer current
voltage characteristics in the linear regime). As seen, noise depends on the gate voltage as {g-V1)?
or steeper. It is known that, in many cases, this dependence at high gate voltages may become at,
indicating a contribution of the contact noise. It is seen from Figure 9a that this is not the case for the
studied devices and that contacts do not contribute to noise signi cantly. The e ective trap density Nt
in the McWhorter model can be estimated from gate voltage noise as follows [9]:

S/ 12
= 4
° (g 1)’ @
_ KkTN7€
o = fWepLgC?' ®)

where k is the Boltzmann constant, T is the temperature, W¢p, and Lg is the channel area,C is the gate
capacitance per unit area, and is the attenuation coe cient of the electron wave function under the
barrier, taken to be 108 cm 1.

11
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Figure 8. DC characteristics of T-HEMTs under study: ( @) DC output characteristics of 0.4 mm wide RF
T-HEMT-1 and comparisons of transfer (b) and transconductance (c) characteristics of the RF T-HEMTs
and DC T-HEMTSs with various values of the channel widths Wy, The gate length for all devices is
5 m.
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Figure 9. (a) Drain current noise S/12 at frequency f = 10 Hz for T-HEMTs of di  erent channel widths
ranging from 0.2 mm to 0.6 mm and ( b) the e ective trap density Nt as a function of the gate voltage
swing (Vg-V7) for the same transistors.

According to the McWhorter model, input gate voltage noise does not depend on access resistance
and carrier concentration in the channel [ 9]. The dependence of the e ective trap density on the gate
voltage in Figure 9b can be attributed to the dependence of the trap density on energy. The number of
traps in this T-HEMT structure was found to be in the range 10 °-10?°°cm 3 eV 1. Some of the devices
demonstrated Nt < 10%cm 3 eV 1. These values are of the same order or even smaller than those
reported earlier for AIiGaN /GaN HEMTs with a thick bu er layer [9]. Therefore, we conclude that
studied T-HEMTSs are characterized by the same quality as or even better quality than regular devices
with thick bu ers.

The unity current gain cut-o  frequency (fr) and the unity maximum unilateral power gain
frequency (fmax) were found at various voltages down to the threshold voltage. The results are shown
in Figure 10. The RF T-HEMTSs with a 0.4-mm channel width demonstrated the highest operational
frequencies, with values reaching fr = 1.33 GHz atVgs= 0 V with Vp = 5V and fnax= 6.7 GHz at the
biasof Vg = 0.8V andVp = 7 V. These results revealed a gure of merit (FOM) factor f Lgupto
6.7 GHz  m, which is comparable with the best value of 9.2 GHz m reported for the T-HEMTs
in Reference [19]. The performance of RF T-HEMTs can be further improved in our processing via
optimization of ohmic contact /access resistance and the reduction of channel lengthLgp in tandem

13
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with gate length Lg [34,35]. Note that there is up to 3 times di erence between the FOM factor of
T-HEMTSs and that of standard HEMTSs, which requires more detailed investigations in the future [  36).
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Figure 10. Frequenciesft and faxat different biasing conditions extracted from S-paramete rs measurements
of RF T-HEMT-1 with W= 04mmandLg=5 m.

4. Conclusions

AlGaN /GaN SBDs and HEMTs without GaN bu er layers have been fabricated on SiC substrates.
2DEG densities of 1 10'3 cm? with mobility of 1.7 10°cm?V sand 1.0 10* cm?/V s at 300 K and
77 K, respectively, were found from the Hall measurements. The unterminated and unpassivated
SBDs fabricated on these heterostructures exhibited high breakdown voltages upto 780 V, with the
critical breakdown eld reaching 0.8 MV /cm. Transistors on these heterostructures, so-called T-HEMTs,
demonstrated maximum current density and transconductance values upto 0.5 A /mmand 150 mSmm,
respectively, with a negligible reduction in the drain current. This indicates improved thermal
management due to a heterostructure design on the SiC substrate without a GaN bu er layer.
By systematic low-frequency noise measurements, we estimated the e ective trap density, which in
T-HEMT structures was below the level of 10 1° cm 3 eV 1. This value is similar to or even smaller
than previously reported trap densities in heterostructures with thick GaN:C bu  ers. This means
that avoiding a GaN:C bu er in GaN—AIN-SiC material does not lead to an increase in active
(dislocation-related) trap density. The unity current gain cut-o  and unity maximum unilateral power
gain were measured to be 1.3 GHz and 6.7 GHz, respectively. Using this data, the gure of merit fr Lg
is estimated at 6.7 GHz ~ m. Therefore, we conclude that a bu er-free design did not compromise
the quality of the structures or the performance of the devices. Our results con rm the potential of a
GaN-SiC hybrid material for the development of HEMTs and SBDs for high-frequency and high-power
applications with improved thermal stability.
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Abstract: In this study, we proposed a rectifying drain electrode that was embedded in a p-GaN gate
AlGaN/GaN heterojunction eld-effect transistor to achieve the unidirectional switching character-
istics, without the need for a separate reverse blocking device or an additional process step. The
rectifying drain electrode was implemented while using an embedded p-GaN gating electrode that
was placed in front of the ohmic drain electrode. The embedded p-GaN gating electrode and the
ohmic drain electrode are electrically shorted to each other. The concept was validated by technology
computer aided design (TCAD) simulation along with an equivalent circuit, and the proposed device
was demonstrated experimentally. The fabricated device exhibited the unidirectional characteristics
successfully, with a threshold voltage of ~2 V, a maximum current density of ~100 mA/mm, and a
forward drain turn-on voltage of ~2 V.

Keywords: AlGaN/GaN heterojunction; p-GaN gate; unidirectional operation; rectifying electrode

1. Introduction

AlGaN/GaN heterojunction eld-effect transistors (HFETS) have been extensively
studied for high-ef ciency power switching and high-frequency applications owing to their
properties, such as wide energy bandgap, high critical electric eld, and two-dimensional
electron gas (2DEG) channels with high electron mobility and electron density [ 1-7]. While
the power switching devices must be operated in a normally-off mode, conventional
AlGaN/GaN HFETSs exhibit normally-on characteristics. A widely adopted device structure
for the normally-off mode is a p-GaN gate AlIGaN/GaN HFET, where the gate region has
a p-GaN layer to deplete the area underneath the AlGaN/GaN channel [ 4,8-13]. Such
device types have been successfully commercialized and they are currently used in various
power modules for different electronic devices, such as fast chargers, switching mode power
supplies, and lighting drivers. Some applications of switching devices are to prevent reverse
conduction in order to protect the circuit, so-called unidirectional switching characteristics.
A reverse blocking device or circuit must be added to the switching device to achieve
unidirectional characteristics, which enlarges the chip size and increases the manufacturing
cost. Some studies have reported the unidirectional operation of GaN devices without
adding extra components [ 14-18]. In this study, we proposed a unidirectional switching
device that is based on a normally-off p-GaN gate AlGaN/GaN HFET in which a drain
electrode consisted of a rectifying gating electrode and an ohmic electrode. The proposed
device requires no separate blocking device or additional manufacturing costs.

2. Device Structure and TCAD Simulation
2.1. Simulation Details

The epitaxial structure used for device simulation consists of a 70 nm p-GaN layer with
a p-type doping concentrationof 3 10 cm 3, a 15 nm unintentionally-doped Al ¢ 5Gag gN
barrier layer with an n-type doping concentration of 1 106 cm 3, a 35 nm unintentionally-
doped GaN channel layer with an n-type doping concentrationof 1 10%cm 3 and a
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1.95 m Al g 05Gag.gsN buffer layer. Figure 1a,b demonstrate the cross-sectional schematics
of a conventional p-GaN gate AlGaN/GaN HFET and a proposed unidirectional device,
respectively, with a gate length of 2 m for both of the structures. The length of the p-GaN
drain regionwas 1 m for the unidirectional device, which was separated from the drain
electrode by 0.5 m.

Gate

-GaN
Gate iy
Source p-GaN Drain Source p-GaN T Drain

AlGaN AlGaN
GaN GaN
AlGaN Buffer AlGaN Buffer
Si Substrate Si Substrate
(a) (b)

Figure 1. Cross-sectional schematics of &) p-GaN gate AlGaN/GaN heterojunction eld-effect
transistor (HFET) and (b) unidirectional HFET.

The simulations were carried out using SILVACO ATLAS (Silvaco, Silicon Valley,
CA, USA). Figure 2 shows the models used in the simulation code, which was adopted
from an example le provided by SILVACO (ganfetex07.in). A detailed explanation of
the simulation models can be found in ref [ 19], which includes a polarization model, a
temperature dependent low eld mobility model, a nitride speci ¢ high eld dependent
mobility model, a lattice heating model, and a trap model.

models consrh auger fermi print temp=300

mobility GaNsat.n

models lat.temp ni.fermi

mobility albret.n bn.albrct=3e-05 an.albrct=3e-05

mobility region=5 albrct.p bp.albrct=1e04 ap.albret=1e04
model ten.piezo psp.scale=0.67 piezo.scale=0.67 calc.strain
model region=5 pch.ins

trap region=2 donor e.level=3.2 density=1.27e18 sign=1e-15 sigp=1e-15 degen=2
trap region=2 acceptor e.level=0.36 density=7e17 sign=1e-15 sigp=1le-15 degen=4

thermcontact num=1 name=substrate alpha=2500

Figure 2. Physical models and parameters used in simulation code.

2.2. Simulation Result and Disscussion

Figure 3 compares the simulation results of the forward and reverse characteristics for
two different structures. The conventional device exhibited a typical normally-off operation
with reverse conduction characteristics, whereas the proposed structure exhibited the same
normally-off operation with reverse blocking characteristics. The threshold voltage was
1.8 V for both devices, which was determined by the p-GaN gate electrode. A positive shift

20



Micromachine021, 12, 291

in the forward drain turn-on characteristics was observed for the proposed unidirectional
device, which is the same as the gate threshold voltage of the device. The positive shift and
reverse blocking characteristics can be explained while using the equivalent circuit that is
shown in Figure 4. The p-GaN gate can be represented by a gate electrode of the HFET in
conjunction with a PN heterojunction diode. When the p-GaN gate voltage exceeds the
threshold voltage (1.8 V), the 2DEG channel is formed between the AlGaN barrier layer and
GaN channel layer, creating a conduction path between the source and drain. As the p-GaN
gate voltage becomes higher than the forward turn-on voltage of the p-GaN/AlGaN/GaN
heterojunction diode, the current ows from the p-GaN gate to the source. On the drain
side, the p-GaN region acts as a “gate” electrode, which is electrically shorted to the ohmic
electrode. Therefore, the current can ow from the ohmic drain electrode to the source
electrode by creating the 2DEG channel under the p-GaN region, as the drain voltage
becomes higher than the gate threshold voltage (1.8 V). That is, no current ows when the
drain voltage is lower than the gate threshold voltage, which is why the device has forward
drain turn-on characteristics that are similar to the gate threshold characteristics. As the
drain voltage becomes higher than the forward turn-on voltage of the p-GaN/AlGaN/GaN
heterojunction diode, the current can ow from both the p-GaN drain and ohmic drain
regions to the source electrode. In the reverse region, when the drain voltage is negative,
the p-GaN drain region is reverse-biased and it further depletes the channel, blocking the
current ow from the drain. Therefore, the device exhibits reverse blocking characteristics.
The electron concentration distributions under forward and reverse modes are compared
in Figure 5a,b, respectively. The electron channel exists under the p-GaN drain region in
the forward mode that is shown in Figure 5a, where both gate and drain voltages were
+5 V. On the other hand, the channel under the p-GaN drain region was depleted in the
reverse mode that is shown in Figure 5b where the gate and drain voltages were +5 V and
5V, respectively.
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Figure 3. Forward and reverse characteristics of p-GaN gate AlIGaN/GaN HFET (black lines) and
unidirectional HFET (red lines).
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M“: Darain
Di
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Gate

Dgate

@]
Source

Figure 4. Equivalent circuit of unidirectional HFET.

Electron concentration Electron concentration
Vs =5V, Vg = 5V Vgs = 5V, Vg = -5V

(a) (b)

Figure 5. Electron concentration under the p-GaN drain region at ( @) Vgs =5V and V4 =5V
and (b) Vgs=5Vand Vg = 5 V. Two electrodes (p-GaN drain and drain electrodes) are shorted
electrically to each other in the simulation.

3. Fabrication
3.1. Device Structure and Fabrication

Two device structures were fabricated to validate the proposed concept, as fol-
lows. Figure 6a,b shows the cross-sectional schematics of the conventional p-GaN gate
AlGaN/GaN HFET and the unidirectional HFET, respectively. The epitaxial structure
consisted of a 70 nm p-GaN layer, a 15 nm Alg>,Gag gN barrier layer, a 320 nm GaN
layer, and a 3.6 m buffer layer grown on a Si (111) substrate. After solvent and acid
cleaning of the surface, the p-GaN layer was etched while using a two-step etching pro-
cess, during which the gate and p-GaN drain regions were covered by photoresist. First,
the p-GaN layer was partially etched by a low-damage plasma etching process using
Cl»/BCI 3-based inductively coupled plasma reactive ion etching (ICP-RIE) with an etch
depth target of 45 nm. A source RF power of 250 W, a bias RF power of 5 W, a gas ow rate
of Cl,/BCI 3 = 18/2 sccm, and a chamber pressure of 5 mTorr were used, which resulted in
an etch rate of ~1 A/s. Subsequently, the remaining p-GaN layer was etched by a selective
etching process using Cly/N »/O »-based ICP-RIE to minimize the plasma-induced damage
on the surface. A source RF power of 2000 W, a bias RF power of 25 W, a gas ow rate of
Clo/N /O 5, =40/10/2 sccm , and a chamber pressure of 20 mTorr were used with a chuck
temperature of 60 C [20]. The selectivity between p-GaN and AlGaN was approximately
50:1 with a p-GaN etch rate of 3.6 A/s. After the p-GaN layer was completely removed,
the oxidized AlGaN surface was treated for 30 s using a buffered oxide etchant (30:1).
Subsequently, damage recovery annealing was performed at 500 C for 5 min. inan N »
ambient. The ohmic contact region was etched down to the GaN channel layer while
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using the low-damage BCI 3/Cl »-based ICP-RIE with an etch depth of 15 nm, after which
an additional photolithography process de ned the ohmic metallization area with an
overhang structure. The overhang region was extended to the p-GaN drain region for
the unidirectional device, as shown in Figure 6b. A Ti/Al/TiN (=30/100/20 nm) metal
stack was used for the Au-free ohmic contact, which was annealed at 550 C for 1 min. in
N, ambient. The transfer contact resistance was 0.56W mm. MESA isolation was then
carried out using the BCI 3/Cl »-based RIE with an etch depth of 450 nm. A forward power
of 100 W, a gas ow rate of Cl ,/BCI 3 = 18/6 sccm, and a chamber pressure of 75 mTorr
were used for the RIE process. Subsequently, a 170-nm TiN Im was sputtered for the
gate and pad electrode regions. The surface was passivated with a 180-nm SiNx Im
using ICP chemical vapor deposition (ICP-CVD). A RF power of 200 W, a gas ow rate of
SiH4(5%)/N »/NH 3 =25/400/12 sccm, and a chamber pressure of 2000 mTorr were used
with a chuck temperature of 350 C. Finally, SFg-based ICP-RIE was used to open the probe
contact region. Notably, the unidirectional device does not require an additional process
step. The source-to-drain distance, p-GaN length for the gate region, and gate-to-drain
distance were 3, 4, and 6 m, respectively, where the gate metal length was 2 m, and the
ohmic overhang extension was 1 m. The length of the p-GaN drain regionwas2 min
the unidirectional device.
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Buffer _— — Buffer L

S e N | R

(a) (b)

Figure 6. Cross-sectional schematics of &) fabricated p-GaN gate AlIGaN/GaN HFET and ( b) unidirectional HFET.

3.2. Device Characteristics

Figure 7 shows the transfer current—voltage characteristics of the fabricated p-GaN gate
AlGaN/GaN HFET (black lines) and unidirectional device (red lines) that were measured
at a drain voltage of 10 V. No signi cant difference was observed between the two devices,
in which the gate threshold voltage was ~2 V at 1 mA/mm.

23



Micromachine021, 12, 291

L S L B A B A B B B B
7UDQVIHU PHDVXUHPHQW
Y 9

GV .

— S *D1 JDWH $0*D1 *
— XQLGLUHFWLRDQO

'UDLQ FXUUHQW P

Transconductance ( P6 PP

*DWH WR VRXUFH YROWDJt

Figure 7. Transfer current—voltage characteristics of fabricated p-GaN gate AlIGaN/GaN HFET (black
line) and unidirectional HFET (red line).

Figure 8 shows the forward and reverse output current—voltage characteristics. The p-
GaN gate AlGaN/GaN HFET (black lines) exhibited bidirectional characteristics, whereas
the proposed device exhibited unidirectional characteristics (red lines). The forward drain
turn-on voltage for the unidirectional device was ~2 V, which is the same as the gate
threshold voltage, as discussed previously. A potential drawback of the proposed device
is the forward drain turn-on characteristic. However, the overall device unit would have
similar forward turn-on characteristics when an additional reverse blocking device is added
to achieve the unidirectional characteristics. It is suggested that the p-GaN drain region
be etched partially and/or a different metal contact be used for the p-GaN drain region in
order to reduce the forward drain turn-on voltage.
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Figure 8. Output current—voltage characteristics of fabricated p-GaN gate AlIGaN/GaN HFET (black
line) and unidirectional HFET (red line).

4. Conclusions

A unidirectional p-GaN/AlGaN/GaN HFET was proposed to implement a normally-
off, unidirectional operation, which was validated by both simulation and device demon-
stration. A p-GaN drain electrode was embedded in front of the ohmic drain electrode, in
which they were electrically shorted to each other. The p-GaN drain region acted as a gate
in the forward mode and as a reverse-biased recti er in the reverse mode, which resulted
in reverse blocking characteristics. The proposed device would be a cost-effective solution
for achieving unidirectional operation, because it requires no separate reverse blocking
device or an additional process step. The fabricated device exhibited a threshold voltage of
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~2 V, a maximum current density of ~100 mA/mm, and a drain forward turn-on voltage of
~2 V. It is suggested that the drain turn-on voltage in the forward operation mode can be
further reduced by the process engineering for the p-GaN drain contact.
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Abstract: Ef cient heat removal through the substrate is required in high-power operation of Al-
GaN/GaN high-electron-mobility transistors (HEMTSs). Thus, a SiC substrate was used due to its
popularity. This article reports the electrical characteristics of normally off p-GaN gate AlGaN/GaN
high-electron-mobility transistors (HEMTS) on a low-resistivity SiC substrate compared with the
traditional Si substrate. The p-GaN HEMTs on the SiC substrate possess several advantages, in-
cluding electrical characteristics and good qualities of epitaxial crystals, especially on temperature
performance. Additionally, the price of the low-resistivity SiC substrate is three times lower than the
ordinary SiC substrate.

Keywords: p-GaN gate HEMT; normally off; low-resistance SiC substrate; temperature

1. Introduction

Gallium nitride high-electron-mobility transistors (HEM  Ts) have attracted increasing
attention in the field of high-frequency and high-power dev ice applications due to their high
breakdown field, high mobility, and good thermal propertie s. However, they are naturally
normally on devices. For high-power applications, off devi ces are normally desirable for
system reliability [ 1]. Thus, several research works have been proposed to realiz the
normally off operation characteristics of AlIGaN/GaN HEMTs  such as fluorine base plasma
treatment [2,3], an ultrathin barrier (UTB) [4], and gate-r ecessed structures [5,6].

Recently, GaN HEMTs with a p-GaN gate stack (p-GaN gate HEMTs) have been
suggested as one of the candidates, in which a p-GaN layer on top of the AlGaN barrier
depletes the 2D electron gas carriers in the channel [/-9]. The normally off p-GaN gate
AlGaN/GaN high-electron-mobility transistor (HEMT) on a SiC substrate is expected to be
a good choice for high-power switching components due to its high thermal conductivity,
low resistivity, and high-voltage capability. Another advantage of using a SiC substrate is
its lower lattice mismatch of ~3% for GaN (that of Siis ~17%). Owing to the high material
properties of gallian nitride and the SiC substrate, these devices are expected to operate in
high-temperature environments [10].

Here, we analyzed the DC, breakdown, pulsed, and thermal measurement perfor-
mances of AIGaN/GaN HEMTs with a p-GaN gate between low-resistivity SiC and or-
dinary Si substrates. Finally, the heat removal through the SiC substrate had the most
outstanding performance.

2. Experimental Procedures

In this work, an epitaxy wafer was grown by metal organic chemical vapor deposition
on 6-in n-doped low-resistivity SiC substrates, as shown in Figure 1a. A 650-nm-thick
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undoped GaN channel layer was grown on top of a 3.8- m-thick undoped GaN buffer
layer. A 17.5-nm-thick undoped barrier (1.5-nm-AIN/15-nm-AlGaN/1-nm-AIN) layer
was sandwiched between the GaN channel layer and a 75-nm p-type GaN cap layer.
The fabrication process started with device isolation by an Ar implantation. The 5- m-long
p-GaN gate island was removed by Cl ,/BCI 3/SF g dry etching and the etching depth was
stopped by the 1 nm AIN etching stop layer. After dry etching, the source and drain
ohmic contacts were prepared using the electron beam evaporation of a multilayered
Ti/Al/Ni/Au (25 nm/120 nm/25 nm/150 nm) sequence, patterned by a lift-off process,

and annealed by a 30-s rapid thermal annealing (RTA) at 875 C in ambient N . Finally,
a Ti/Au (25/150 nm) gate metal stack was deposited, and 100 nm of SiN was passivated
by plasma-enhanced chemical vapor deposition (PECVD). The descriptions above were
made by our own laboratory research process.

(a) Lg=5um (b)

Lgs=2um Lgp=5um
— G —
p-GaN
§ AIN D
AlGaN
AIN
GaN channel
GaN buffer
SiC substrate

Figure 1. (a) Structure of p-GaN gate HEMT on low-resistance substrate. (b) Outward appearance of
low-resistance SiC wafer.

3. Results and Discussion

Figure 2a,b show the log-scale transfer (Ips-Vgs) and output (I ps-Vps) characteristics
of GaN on a low-resistivity SiC substrate HEMT (LRSIC-HEMT) and a Si substrate HEMT
(SI-HEMT). As shown in Figure 2a, the off-state currents for the LRSIC-HEMT and Si-HEMT
are1.37 10 ®and5.2 10 ®mA/mmatV gs=0V, the lon/l o ratios are 1.5 10° and
1.85 105, and they deliver the normally off operation with a positive V 14 of 3.2 V and
1.8V denedat| p =1 mA/mm, respectively. In Figure 2b, the corresponding maximum
drain current density (I pmax) vValues are 131 mA/mm and 108 mV/mm at a gate-to-source
voltage (Vgs) = 8 V and a drain-to-source voltage (V ps) = 10 V. The Ipmax vValue of the
LRSIC-HEMT was 28% higher than that of the Si-HEMT. Additionally, the LRSIC-HEMT
also exhibits a lower on resistance (Roy) of 16 W mm.

The breakdown voltage, BV, of the devices is determined by the drain leakage current
reaching 1 mA/mm. As shown in Figure 3, the off-state breakdown voltages and vertical
breakdown voltages of LRSIC-HEMT and Si-HEMT are 325V, 310V, 413V, and 319 V,
respectively. Vertical breakdown voltage measurements were performed on both wafers
by the grounded substrate, and the ohmic contact pattern was swept from 0 V up to the
breakdown voltage; the size of the ohmic pattern is about 100 100 m. Although the
epitaxy technology using the low-resistivity SiC substrate was not as stable, the on device
performance and the substrate's breakdown voltages were still better than the traditional
Si substrate.

Having con rmed the importance of the surface temperature distribution measure-
ments, the temperature—time curve is shown in Figure 4 by using an infrared (IR) ther-
mographic system with micro-Raman spectroscopy. On account of having much higher
thermal conductivity, SiC could achieve an outstanding performance on heat dissipation.
For the set of device measurements, \bs was held constant at 10 V, while | pg was kept at
100 mA/mm for 60 s and then waited for the device cool down for about 50 s. As expected,
the center of the gate area reached the highest temperature. As shown in Figure 4, following
the time, the temperature gradient appears to increase. The temperature of LRSIC-HEMT
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was heated up to 34.4 C and cooled down to 30 C rapidly. On the contrary, Si-HEMT
accumulated much more heat to reach 37.5 C and removed it slowly.

(a) (b)

10° prpm ~0— GaN on SIC—8— GaN on i 10
10 ;VDS:IOVI :\’65:0~8\-’,s(cp:2‘.\; l | 160
10! T ' 140
~ 10° L& '
g 10°¢ 120 =
= 10! =
g F 100 %
g 10~ {0~ LRSIC-HEMT =
2 o3 : & [Vm=32v 80 =&
— 10 + L |S.5=308mV/dec A
W 04l § [lovlor=15x10° 60 —
= H o | = Si-HEMT
107 b Efé V=18V 40
Folg | [ss=191mV/dec
10°¢ innii IowTorr=185x 10° || [y 20
10-7 | H ; : H ‘ i R B ‘ ; V 2 O
0123456780 2 4 6 8 10

Vs (Volts) Vps (Volts)

Figure 2. I-V characteristics of LRSIC-HEMT and Si-HEMT with L gg/L /L gp/W g =2/5/5/100 m.
(a) Transfer Ips-V s characteristic. (b) Output | ps-Vpg characteristic.

(a) (b)

10" ¢ ; \ 3 [ \ | T 10°
:IOff-state Breakdown Voltage. :|Ve11ical Breakdown Voltage'?
i o —— —— 10*
E.|A1'6a=100;1m x 100pum
[ ‘ 103 '('-g\
10 ?3
10"
3
10° —
5 -1
10 % 5 LRSiC-HEMT.BV=325V H — O~ LRSIC-HEMT BV=413V 10
—a—Si-HEMT BV=310V —&—Si-HEMT BV=390V
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Figure 3. (a) Off-state breakdown voltage and ( b) vertical breakdown voltage measurement.
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Figure 4. Temperature following the time, with the device operating f or 60 s and cooling down for 50 s.

To investigate the thermal stability of LRSIC-HEMT, transfer characteristics were
measured from room temperature (25 C)to 175 Cwitha 50 C step (Figure 5a). The de-
vice shows a good thermal stability with the V 1 shifting less than 0.4 Vupto 175 C
(Figure 5b). Roy increases by about 3.3 times, due to stronger phonon scattering at higher
temperature [11].

Figure 5. (a) Transfer characteristics of LRSIC-HEMT from 25 to 175 C; (b) T-dependence of V1
and RON .

To analyze the trapping/detrapping effect, the pulsed -V characteristic and the dy-
namic Rop ratio of LRSIC-HEMT were measured using a pulse width of 2 s and a period
of 200 s. The carriers will be trapped in the buffer layer or near the surface which is in
the AlGaN layer or passivation interface during the pulse measurement. Therefore, it will
reduce the carrier density and make the resistance higher [12]. In this work, the V pgq for
LRSIC-HEMT is swept from 0 to 80 V with a step of 20 V in Figure 6. Clearly, the current
collapse and the dynamic Rpy ratio of Si-HEMT are both worse than LRSIC-HEMT. Ad-
ditionally, being under relatively high stress led to an |-V slope decrease because of the
defect trap density in the buffer layer and surface. In Figure 7, the dynamic R oy ratios are
6.8 times and 2.5 times at \bso =80 V.
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Figure 6. Pulsed Ips Vps characteristics from quiescent gate bias (Vgsg) pointof 0 Vwith 2 s pulse
width and 200 s pulse period. The quiescent drain bias (Vpsg) was then swept from 0 to 80 V (in
20-V increments).

Figure 7. Dynamic R, ratio of LRSIC-HEMT and Si-HEMT.

4. Conclusions

In this work, normally off AlIGaN/GaN high-electron-mobility transistors (HEMTS)
with a p-GaN gate on a low-resistivity SiC substrate (LRSIC-HEMT) were developed.
Comparing to SI-HEMT, LRSIC-HEMT obtained many advantages, such as a higher output
current, higher off-state and vertical breakdown voltages, and a lower dynamic Ron ratio,
especially in thermal performance. In addition, the price of the low-resistivity SiC substrate
is much lower than the ordinary SiC substrate, which is shown in Table 1. Therefore,

it holds promise to be an excellent choice to solve the heat problem and cost consideration
for power devices.
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Table 1. Reference price and resistivity of low-resistivity SiC sub strate and high-resistivity SiC substrate.

Reference Price Resistivity ( W cm)
LRSIC (6 inch) USD1000 0.015~0.025
HRSIC (6 inch) USD3000 >1E5
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microwave measurements coupled with a small-signal equivalent-circuit model and a
sensitivity-based analysis. The device under test (DUT) is an ultra-short gate-length
HEMT based on an AlGaN/GaN heterojunction grown on a silicon carbide (SiC) substrate.
The DUT has a gate length of 0.15 m and a gate width of 200 m. The interdigitated
layout consists of four ngers, each being 50- m long. The DC characteristics and the
scattering parameters from 45 MHz to 50 GHz are measured at nine different ambient
temperature conditions by both cooling and heating the device, spanningthe 40 Cto
150 C temperature range. The measured data are used for equivalent-circuit extraction
and sensitivity-based analysis, enabling one to assess the impact of the variation in the
ambient temperature on the transistor performance. Basically, the main goal of this work is
to extend the results of a previous article focused on the same DUT [ 15] by developing a
sensitivity-based analysis, thus enabling a quantitative and systematic investigation of the
effects of changes in the ambient temperature on the DC and microwave characteristics.
Nevertheless, it should be pointed out that the obtained results are not of general validity,
as they may strongly depend on the selected device and operating bias condition.

The paper is structured with the following sections. Section 2 describes the DUT and
the experimental characterization, Section 3 reports and discusses the achieved ndings,
and Section 4 presents the conclusions.

2. Device under Test and Experimental Details

The metal organic chemical vapor deposition (MOCVD) technique is used to grow the
Al g 258Gag 747N/GaN heterostructure on a 400- m-thick SiC substrate. The schematic cross-
sectional view and the photograph of the tested GaN HEMT are illustrated in  Figure 1.
The epitaxial layer structure of the device is made up of a 25-nm-thick undoped (UD)
AlGaN barrier and a 1.5- m-thick UD GaN buffer layer. A 300-nm-thick graded AIN
relaxation layer was grown between the GaN buffer and the SiC substrate. The device was
capped with a 5-nm-tick n+-GaN layer. The evaporation process was employed to create
the source and drain ohmic contacts (Ti/Al/Ni/Au with thicknesses of 12/200/40/100 nm,
respectively) and followed by 30 s of thermal annealing at 900 C. The Schottky mushroom-
shaped gate was formed through Pt/Ti/Pt/Au evaporation and the subsequent lift-off
process. Finally, a SkN 4 layer with a thickness of 240 nm was deposited to passivate the
device. The gate length of the tested GaN device is 0.15 m. The interdigitated architecture
of the device is based on the parallel connection of four 50- m long ngers, resulting in a
total gate width of 200 m. The source-to-gate distance (Lsg) and the gate-to-drain distance
(Lgp)are1 mand 2.85 m, respectively. The DUT was fabricated at the University of
Lille, France.

@1 (b) 1

Figure 1. (a) Schematic drawing of the epitaxial structure and ( b) photograph of the tested 0.15 m
(4 50) mGaN HEMT.

The microwave experiments consist of DC and S-parameters measured from 45 MHz
to 50 GHz at nine different ambient temperatures: 40 C, 25 C,0 C,25 C,50 C,75 C,
100 C, 125 C,and 150 C. The analysis is performed using the DC characteristics and the
S-parameters at a bias point in the saturation region: V45 = 15 and Vgs = 5 V. The device
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parameters were measured with a thermal probe station connected to an HP8510C vector
network analyzer (VNA) and with the aid of commercially available software to guarantee
that the data are free of human error. The DC and frequency-dependent measurements were
performed at each temperature after the sample reached uniform steady-state temperature.
Figure 2 shows the measurement process, model extraction, and sensitivity-based analysis.

Figure 2. The ow diagram of the measurement process, model extraction, and sensitivity-based
analysis for the tested on-wafer GaN HEMT.

3. Experimental Results and Systematic Analysis

The systematic sensitivity-based analysis at the selected bias voltages is accomplished
using the dimensionless relative sensitivity of each parameter ( RSP with respect to T,
which is calculated by normalizing the relative change in P to the relative change in Ty

DP Ty (P Py Ta0
RSP= — @ -
Po DTa Po (Ta Tw)

(1)

where Pq is the value of the selected parameter P at the reference temperature (Tyg) of
25 C.

The remainder of this section is divided into two subsections: the rst part is fo-
cused on the impact of the ambient temperature on the DC characteristics, whereas the
second part is dedicated to the effects of the variations in the ambient temperature on the
microwave performance.

3.1. Sensitivity-Based Analysis of DC Characteristics

The DC output characteristics for the tested GaNHEMT atV ¢s= 4Vand 5V under
different temperature conditions are illustrated in Figure 3. As can be clearly observed,
|45 is considerably reduced with increasing temperature. This might be attributed to the
degradation in the carrier transport properties as a consequence of the enhancement of
the phonon-scattering processes at higher temperatures. Analogously, the reduction in
l4s at higher temperatures can be observed by plotting the DC transcharacteristics of the
studied device at V 45 = 15 V (see Figure 4). Similar fashion of degradation can be seen
in the transconductance by plotting the g m-Vgs curves at V45 = 15 V (see Figure 5a). As
a matter of the fact, by heating the device, the transconductance is signi cantly reduced.
However, it should be underlined that a higher temperature leads to a wider and atter
curve of gy versus Vg, thus implying a better linearity. Over the years, many studies have
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been devoted at improving the atness of g n, versus Vs, in order to yield to an improved
transistor linearity and then to a more linear power amplier [ 44,45]. For the sake of
completeness, the behavior of g, is plotted also as a function of | 45 (see Figure 5b). At the
selected bias point: Vgs =15V and Vgs = 5V, both I 45 and gm are signi cantly degraded
when the temperature is raised, as illustrated in Figure 6a. The interesting feature found
inthe gm Vgs curves of Figure 5a is that, by heating the device, the peak value of gn, is
not only greatly reduced but also shifted toward less negative values of V gs. As shown in
Figure 6b, the value of V gs at which the peak in g m occurs (Vgm) is increased from 5.2V
at 40 Cto 4.8V atl50 C. Itis worth noting that also the threshold voltage (V ,) shifts
toward less negative values at higher T 5. As illustrated in Figure 6b, V y, is increased from
6.24Vat 40 Cto 5.64Vat150 C.

Figure 3. DC output characteristics of the studied GaN HEMT atV ¢s= 4V and 5V under
different temperature conditions.

Figure 4. DC transcharacteristics of the studied GaN HEMT at V 4 = 15 V under different tempera-
ture conditions.

Using Equation (1), the relative sensitivities of | g5, gm, Vgm, and Vy, with respect to
T, are calculated and reported in Figure 7. As can be observed, RS}s, RSgn, RSV, and
RSVym are negative for the studied device, as a consequence of the fact that an increase in
Ta leads to a reduction in the values of | 45 gm, Vin, and Vgm.
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@1 (b) 1

Figure 5. DC transconductance of the studied GaN HEMT at V 4¢ = 15 V under different temperature conditions. The data
are reported as a function of (a) Vgs and (b) I 4.

@1 (b)1

Figure 6. Temperature dependence of the DC parameters of the studied GaN HEMT: (a) l4s and gm at Vg = 15V and Vgs =
5V, (b) Vi, and Vgm (i.e.,Vgs at which g m shows its peak value) at Vys = 15 V.

@1 (b)1

Figure 7. Temperature dependence of the relative sensitivities of the DC parameters of the studied GaN HEMT: ( a) RSlys
and RSgy atVgs =15V and Vgs= 5V, (b) RSV, and RSVgm at Vs =15 V.

3.2. Sensitivity-Based Analysis of Small-Signal Parameters and RF Figures of Merit

The equivalent-circuit model in Figure 8 was used to model the measured S-parameters
of the studied device. The equivalent-circuit parameters (ECPs) were extracted as described
in [ 15], using the well-known “cold” pinch-off approach that has been widely and success-
fully applied to the GaN technology over the years [ 46-50]. The effect of T, on the measured
S-parameters at the selected bias point is shown in Figure 9. It should be highlighted that
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as the carrier transport properties deteriorate with increasing T 5, the low-frequency magni-
tude of S,q is reduced. This is in line with the degradation of the DC g n, at higher T, (see
Figure 5). As can be observed, the tested device is affected by the kink effect in $,. As
well-known, the GaN HEMT technology is prone to be affected by this phenomenon, owing
to the relatively high transconductance [ 51-54]. In accordance with this, the observed kink
effect in Sy, is more pronounced at lower T 4, due to the higher g . The DC parameters,
ECPs, intrinsic input and feedback time constants (i.e., gs = RgsCgs and g4 = RgqCgyq),
the unity current gain cut-off frequency (f ), and the maximum frequency of oscillation
(fmax) are reported at 25 C in Table 1. The three intrinsic time constants ( m, gs, and
gd), Which emerge from the inertia of the intrinsic transistor in reacting to rapid signal
changes, are meant to represent the intrinsic non-quasi-static (NQS) effects, which play a
more signi cant role at higher frequencies. The values of f ; and ¢ are obtained from
the frequency-dependent behavior of the measured short-circuit current gain (h »;) and
maximum stable/available gain (MSG/MAG), respectively (see Figure 10).

Figure 8. The equivalent-circuit model for the GaN HEMT under investigation.

@1 (b) 1

Figure 9. Measured S-parameters of the studied GaN HEMT at V 43 =15V and Vgs = 5V under
different temperature conditions: ( @) S$;1, $1, (b) Si2, and Spo.

Similarly, to what was done for the DC parameters, the relative sensitivities of the
other parameters in Table 1 are calculated using equation 1 and then shown in Figure 11.
Because of their low dependence on the temperature, the relative sensitivities of the
extrinsic capacitances and inductances are almost nil, as depicted in Figure 11a,b. It can
be observed in Figure 11c—e that the relative sensitivities of the extrinsic and intrinsic
resistances are positive, re ecting the fact that the resistive contributions increase at higher
temperatures. Figure 11f illustrates that unlike the resistances, the transconductance has a
negative relative sensitivity, as this parameter is degraded when heating the device.
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Table 1. Analyzed parameters for the studied GaN HEMTs at 25 C for the bias condition of
Vgs=15VandVgs= 5V.

Parameters Value Parameters Value
lgs (MA) 44 Cgs (fF) 154
Om (MS) 54 C‘gd (fF) 28
Vin (V) 6 Cys (FF) 121
Vgm (V) 5.1 Rys (W) 1.7
Cpg (fF) 50 Rya (W) 11.3
de (fF) 86 Rys (W) 225
Lg (PH) 141 gmo (MS) 63
Ls (pH) 1.8 m (ps) 3.0
Lg (pH) 63 os (pS) 1.6
Ry (W) 2.7 gd (PS) 2.0
Rs (W) 3.0 f (GHz) 47.3
Rg (W) 5.8 fmax (GHz) 97

Figure 10. Behavior of the magnitude of the h 5; and MAG/MSG versus the frequency of the studied
GaNHEMT atV g5 =15V, Vgs= 5V,andTo=25 C.

Asiillustrated in Figure 11d, the relative sensitivity of C g5 is negative, while the relative
sensitivities of C 44 and Cgys are positive. Figure 11g shows that the relative sensitivities of
the intrinsic time constants are positive, indicating that they increase when the temperature
is raised. This nding implies that the NQS effects occur at lower frequencies when the
device is heated. As can be observed in Figure 11f, the relative sensitivities of f; and fmax are
negative, implying lower operating frequencies at higher temperatures. Figure 11h shows
that the relative sensitivities of the magnitude of S »; and hy; at 45 MHz are negative, in
line with the reduction of the transconductance at higher temperatures, while the stability
factor (K) shows a positive temperature sensitivity as illustrated at 1 GHz.

For the tested device, a good agreement between measured and simulated S-parameters
was achieved. As an example, Figure 12 depicts the comparison between measurements
and S-parameter simulations at two different T 4 for the tested GaN HEMT at the selected
bias condition. The simulations are obtained using the equivalent-circuit model depicted
in Figure 8 by means of the commercial microwave simulation software advanced de-
sign system (ADS). The small-signal ECPs extracted for different T, from the measured
S-parameters are used as inputs to the schematic.
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Figure 11. The relative sensitivities of the analyzed parameters versus ambient temperature for the studied GaN HEMT:
(@) RSGyg and RSGyq; (b) RSLg, RSLs, and RSLy; (c) RSRy, RSR;, and RSRy; (d) RSGys, RSGyq, and RSCys; (€) RSRys, RSRyq,
and RSRys; (f) RSano, RSt, and RSthayx; (@) RS m, RS gs, and RS gd; (h) RSS; and RShy; at 45 MHz and RSK at 1 GHz The
illustrated bias points for intrinsic parameters and RF gures of meritsis: V. gs=15VandVgs= 5V.
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Figure 12. Measured (solid black lines) and simulated (dashed red lines) S-parameters from 45 MHz
to 50 GHz for the studied GaN HEMT at 50 C (a,b) and 125 C (c,d). The illustrated bias point is:
Vgs=15VandVgs= 5V.

4. Conclusions

We have reported an experimental investigation on the impact of the ambient tempera-
ture on the DC and microwave performance of a transistor based on an ultra-short 0.15- m
GaN HEMT technology. Measurements have been coupled with an equivalent-circuit
model and a sensitivity-based study to assess the thermal effects on device performance
over the wide temperature range going from 40 Cto 150 C. The relative sensitivity
was used as the evaluation indicator for this study because it enables investigation of the
effects of the ambient temperature on the device performance in a quantitative, systematic,
and simple way. The measurement-based ndings show that both DC and microwave
performance of the studied device are remarkably degraded with increasing temperature.
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defects located in the gate stack act as charge trapping sites. This induces a shift of the
device transfer characteristics toward more positive values [7,8].

Generally, the trapping effect in an MIS gate stack could be related to the traps at/near
the interface, named interface states/border traps, or in the bulk of the insulator [ 9]. There
have been several techniques used to suppress threshold voltage shift to date, including
pre- uorination argon treatment [ 10], sputter-deposited Al 03 [11], in-situ pre-deposition
plasma nitridation [ 12], metal-organic chemical vapor deposition-grown in situ SiN [ 13,14],
hybrid ferroelectric charge trap gate stack [ 15], etc., to reduce the trapping effect at/near
the insulator/semiconductor interface. Due to the low deposition temperature, there also
exists large density of traps in the bulk of the gate insulators deposited by PECVD or ALD.
Recently, high temperature deposited gate insulator, such as low-pressure chemical vapor
deposition (LPCVD) grown SiN y has been proven to be a robust gate dielectric for both
normally-on GaN MIS-HEMTs and normally-off gate recessed hybrid MIS-HEMTSs with
low bulk trap density. However, the interface quality between LPCVD SiN y and (Al)GaN is
degraded due to the high growth temperature and H erosion. Despite that low temperature
deposited insertion layer or N surface plasma treatment have been adopted to improve the
interface quality, the drift of V 4 still exists in those devices. Supercritical uid technology
can effectively bring elements into materials through supercritical CO , uid to reduce trap
density because of its penetration and damage-free diffusion ability in the devices [ 16].
Supercritical technology has been applied in the eld of memory [ 17] and LED [ 18], but
there is no research on the effectiveness of GaN power devices.

In this work, a new way is presented to achieve all-GaN integrated MIS-HEMTSs in
a Si CMOS platform by replacing the Si MOSFET with a low voltage GaN recessed gate
MIS-HEMT. In the process, self-terminated gate open method and quasi-self-alignment
technology are adopted allowing the recessed gate was de ned and fabricated at the
beginning of the process. In addition, we propose the application of supercritical nitridation
treatment (SNT) to passivate the defects and mitigate the shift of V , in the all-GaN MIS-
HEMTs. After SNT, the interface trap density in LPCVD Si 3N 4/AlGaN layer interface is
effectively reduced and near 0.13 V shift of V 4, in the transfer curve of a GaN power device
is observed with a bidirectional gate bias sweep up to 15 V.

2. Device Fabrications

The AlGaN/GaN heterostructure was grown by the metal organic chemical vapor
deposition(MOCVD) on a Si(111) substrate, which consists of a 4- m C-doped GaN buffer
layer, a 300-nm unintentionally doped GaN channel layer, a 1-nm AIN insertion layer,
a 25-nm Alg.2sGag 75N barrier layer and a 3-nm GaN cap layer for improving surface
morphology. On wafer Hall measurement yields a sheet resistance of 363 W/square, a
2DEG density of 1.1 103 cm 2, and an electron mobility of 1547 cm?/V -s. The reported
devices were fabricated in Founder Microelectronics International Corporation, Ltd, a
6-inch Si CMOS platform.

The main process ow is:

(1) De ning (Figure 1(2)) of the mesa isolation by ClI »/BCl 3 based plasma etching.

(2) Patterning (Figure 1(3)) of the recessed gate by etching the AlGaN layer completely.

(3) Deposition of a 35-nm Si3N4 layer using low pressure chemical vapor deposition
(LPCVD) (Figure 1(4)). The SiN4 layer acts as a surface passivation layer and a gate
insulator. The LPCVD Si3N4 exhibits good insulating property and passivation effects.

(4) Deposition of a 500-nm oxide layer over the Si3N 4 layer by plasma enhanced chemical
vapor deposition (PECVD) (Figure 1(5)). The oxide layer acts as the plasma etching
sacri cial layer in the follow process patterning source and drain contacts and gate
strips, and the gate eld plate dielectrics.

(5) Opening (Figure 1(6)) of the source and drain contact windows by etching the oxide
layer,the SizN 4 layer and partial AlGaN layer .

(6) Deposition of Ti/Al/Ti/TIN multi metal layers by physical vapor deposition (PVD)
as ohmic metal and Patterning (Figure 1(7)) of the source and drain electrode.
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(7) Metallization by rapid thermal annealing at 850 C for 30 s in ambient N , (Figure 1(8)).

(8) Patterning (Figure 1(9)) of the D-mode gate. In this step, the low power SF g-based
inductively coupled plasma (ICP) etching and the buffered HF (BHF) wet etching were
adopted sequentially to de ne the gate stem, realizing a self-terminated dielectric
etching (PECVD SiO,/LPCVD Si 3N 4 etching selectivity is 200:1) on the surface of
the LPCVD Si3N 4 gate dielectric layer. The self-terminated nature guaranteed good
performance uniformity along the whole wafer. Meanwhile, quasi-self-alignment is
realized, the E-mode GaN HEMT recessed gate can be fabricated at the same time.

(9) Deposition of TiN/Ti/Al multi metal layers by PVD as gate metal and patterning
(Figure 1(10)) of the gate electrode.

(10) After the PAD metal and Final passivation (Figure 1(11),(12)), the devices were an-
nealed at 450 C for 30 min in ambient H ».

Figure 1. (1-12) Main process steps of the all GaN integrated MIS-HEMT in CMOS fab.

Figure 1 shows schematics ow of the all-GaN integrated devices The characterization
was performed on the devices with a dimension of L /L gg/L gp/W= 2/4.5/3/24 m
for recessed gate MIS-FET and a dimension of Lg/L gg/L gp/W = 1/4.5/8/24 m for
D-mode MIS-HEMT. Figure 2 shows the schematic view and cross-section TEM image of
the fabricated all-GaN integrated MIS-HEMT.
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effects, such as buffer leakage and relatedVgp [13,14], dynamic Royn [4,10,16], current
collapse[2,12,17] and threshold voltage instabilities [ 18-21]. In fact, both the concentration
of acceptor states (Nc a) and donor states (N¢ p), as well as their compensation ratiale ned
as CR =N¢ p/ N¢c a, need to be properly determined in order to reproduce the features of
realistic devices and calibrate device simulation for a given technology.

In this paper, we present calibrated numerical device simulation results that reveal the
functional dependence of Vgp and Dl ¢, respectively, on the total (N¢c tor = Nca + Ncp)
and effectivNc eerp= Nca  Nc,p) C-related trap concentrations in the buffer at different
CR values. Our results (i) con rm the necessity of assuming compensating donor traps in
C-doped GaN to correctly model realistic devices, and (ii) provide physical insights into
the origin of the observed Vgp and Dlcc dependence on CR.

2. Modeling Framework

Two-dimensional numerical device simulations were carried out with the commercial
simulator SDevice™ . The simulated structure is sketched in Figure 1 with indication of
device dimensions (not to scale); the device resembles the AlGaN/GaN Schottky-gate
HEMT reported in [1].

Figure 1. Cross-section of the simulated Schottky-gate HEMT resembling the C-doped device in [ 1].
Dimensions are in - m (not to scale).

Charge transport was modelled by means of the drift-diffusion model. Piezoelectric
polarization was included by using the default strain model of the simulator. Note that at
the passivation/barrier interface, the polarization model was deactivated. This approach is
equivalent to assuming that the negative polarization charge at this interface is completely
compensated by an equal positive surface charge [22]. Therefore, we neglected the possible
dynamic effects related to surface traps.

Chynoweth's law was used to model impact ionization; model coef cients for both
electrons and holes were set in agreement with Monte Carlo calculations [23].

Gate current was modelled by the thermionic and eld emission mechanisms. The

eld emission component was calculated self-consistently by the simulator through a
nonlocal tunnelling model based on the WKB approximation [16].

To account for trap effects, one Shockley-Read—Hall (SRH) trap-balance equation was
used for each distinct trap allowing for the dynamics of trap occupation to be described
without any quasi-static approximation.

Calibration of the simulation parameters against measurements taken from [ 1] has al-
ready been reported in [ 14,17]. What makes the measurements reported in [1] instrumental
to our scope is the possibility of calibrating our simulation deck against a consistent set of
experimental data from devices with several different Lgp values.

Key results are shown in Figures 2 and 3, illustrating the agreement achieved in the
off-state three-terminal breakdown and current collapse, respectively. Regarding the pulsed
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Ip—Vps curves shown in Figure 3, the output curves were obtained by pulsing Vgsand
V ps from different baselines to either suppress or induce trapping [ 1]. The current collapse
isdenedas Dicc =(lpgL1  IppL2) Ippls 100 evaluated atVps =10 V.

Figure 2. Calibrated simulations (lines) and measurements (symbols) of the off-state |-V pg curves.
Measured data are taken from [1]. Adapted from [14].

Figure 3. Calibrated pulsed 1p—Vpg curve simulations (lines) showing the achieved agreement in
current-collapse measurements from [1] (symbols). Adapted from [17].

C doping in the GaN buffer was modelled by considering a dominant deep acceptor
trap at Ey + 0.9 eV (generally assumed to correspond to Cy states) and a shallow donor
trap at Ec  0.11 eV (more likely related to C g, states) as the two major energy states
associated with C [24]. When varying trap concentrations and CR, the above energy levels
were kept xed and other possible states related to C doping were neglected. The adopted
concentrations for the calibrations shown in Figures 2 and 3 were 8 10 cm 2 and
4 10 cm 3 for C-related acceptors and donors, respectively.

Although no additional trap levels were considered, in all nitride layers a background
doping concentration of 101° cm 2 was adopted to account for the unintentional n-type
conductivity due to shallow-donor impurities incorporated during growth|[  2,13]. The C
doping model based on discrete point defects adopted here can lose validity for impurity
concentrations larger than 101° cm 2, for which a dominant defect band behavior has been
proposed to be more appropriate [ 11]. Therefore, we limited our analysis to cases for which
Nca < 10%cm 3.

As elucidated by the results in Section 3, the key feature of the adopted C doping
model is that the dominant deep acceptor-type hole traps are partially compensated by
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shallow donor-type electron traps. Note that the actual energy position of donor traps, if
suf ciently shallow, has little in uence on the simulation results. C-related donors could
actually be moved even closer to E¢ or be modelled as completely ionized dopants (i.e.,
xed positive charge) [ 25], in agreement with recent hybrid-functional density functional
theory (DFT) calculations [ 6,8], without signi cant changes. This is because as long as the
dominant traps are the acceptor states atEy + 0.9 eV, the Fermi level stays well below the
shallow energy of donors, thus guaranteeing their complete ionization. The capability of
the acceptor—donor model for C doping to reproduce source—drain leakage currents and
off-state breakdown is shown in [13,14].

Table 1 lists the main physical mechanisms, along with the respective models and
parameters included in the simulations.

Table 1. List of main physical mechanisms, the respective models, and parameters used in the simulations.

Physical Mechanism Model Parameters Value
a(electrons) 232 10°cm !
Y
Impact lonization Chynoweth's Law b (electrons) 14 10 V/cml
a(holes) 541 10°cm
b (holes) 1.89 10’ Vicm
Acceptor Trap Level Concentration Variable
Carbon Doping (Buffer) Energy Level 09+Ey eV
Donor Trap Level Concentration Variable
Energy Level Ec—0.11 eV
Unintentional Doping (Channel) Donor Trap Level Concentration 1 10%cm 3
Schottky Diode (Gate Contact) Thermionic and Field Emission Schottky Barrier Height leVv
Low-Field Mobility (GaN) m 1800 cr?/Vs
High-Field Saturation (GaN) Canali Model Vn,sat 1.5 10" cm/s

3. Results

To understand the impact of the total ( Nctor = Nca + N¢p) and effective
(Ncerr=Nca Ncp) C-related trap concentration on Vgp and Dlcc, we performed
a sensitivity analysis starting from the parameter set, resulting in the calibrated results
shown in Figures 2 and 3. Lgp was setto 2 m because only for this case, bothVgp and
Dlcc measurement data were available in [1]. Three different CR values were considered
for simplicity in the following: 0%, 50%, and 90%. For each CR value, N¢ 5 was set to
{0.04,0.08, 0.4, 0.8, 4, 8, 40, 80} 10'" cm 3, while N¢ p was set according to the assumed
CR (i.e., 0%, 50%, or 90% oN¢ a).

3.1. Breakdown Voltage

Figure 4 shows Vpp as a function of N¢ 1ot for the different CR values. As can be
noted, for all CR values, Vpgp rstincreases and then saturates with N¢ toT.

Figure 4. Vgp vs. N¢ 1ot for CR = {0, 50, 90}%. The same symbols correspond to the samé¢ a at
different N¢ p depending on CR.
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This behaviour is largely expected, as it is related to the decrease in the electric eld
peak at the gate edge resulting from the increase in the ionized acceptor density (negative
charge). In essence, it is exactly to induce this effect that doping with acceptor impurities
(like Fe and C) is adopted in power GaN HEMTs. The Vpgp saturation is attributable to
the fact that once the electric- eld peak moves from the gate edge to the drain contact, the
bene cial effect of further increasing the acceptor concentration ceases.

In addition to con rming the above behaviour, Figure 4 provides us with two other
pieces of information that are key to our purposes: (1) the maximum Vpgp attainable at
large N¢ 1oT1 (VBD,max) is @ non-monotonic function of CR, and (2) a signi cant CR value of
about 50% must be assumed in order to obtain Vgp in agreement with experiments. The
reasons behind this can be understood with the aid of Figures 5 and 6.

Figure 5. Lateral component of the electric eld ( E) along the AlGaN/GaN interface at breakdown
(Ves= 5V, Vps=Vgp) for CR ={0, 50, 90}% at the sameN¢ 5 value (8 10" cm 3).

Figure 6. Modulus of the electron current density (| Jy|) as a function of the device depth along
a cutline taken in the middle of the gate contact for CR = {0, 50, 90}% at the sameN¢ 5 value
(8 10Ycm 3).

Figure 5 shows the lateral component of the electric eld as a function of position
along a cutline corresponding to the AlGaN/GaN interface at breakdown ( Vgs= 5V,
Vps=Vgp) for Nca =8 10 cm 2 in the three cases of CR = 0%, 50%, and 90%. As
shown in Figure 5, increasing CR from 0% (i.e., Nca =8 107 cm 3 Npa=0cm 3)to
50% (i.e.,Nca=8 107cm 3, Npa=4 10"cm 3)and90% (i.e.,Nca =8 10Ycm 3,
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Npa =7.2 10 cm 3) effectively modulates the electric eld pro le, relaxing the peak

at the drain contact. Positively charged donors thus contribute to make the electric eld
pro le more uniform (if the electric eld peak has already moved to the drain contact).
This explains why in Figure 4, Vgp max increases from about 250 V to about 450 V as CR is
raised from 0% to 50%.

When further increasing CR to 90%, Vgp max iS reduced. This behavior can be ex-
plained with the aid of Figure 6, which shows the modulus of the electron current density
as a function of the device depth along a vertical cutline taken in the middle of the gate
contact. As is clearly shown, the source—drain punch-through (or sub-threshold) current
across the buffer increases as CR increases from 0% to 50% and 90%. This is a consequence
of the higher N¢ p that increases the conductivity of the buffer and thus reduces Vgp.

In summary, without signi cant donor/acceptor compensation resulting in a CR of
about 50%, it is not possible, according to our analysis, to explain the state-of-the-art Vgp
vs. Lgp dependence with slopes of 150-200 V/mm [ 1,26-28], and, speci cally in the case
considered here, aVgp of about 370 V for a device withan Lgp of 2 m.

3.2. Current Collapse

The results of the sensitivity analysis on Dlcc are shown in Figure 7, where Dlcc is
plotted against N¢ ger for the same CR values used for Figure 4. As it can be noted, Dlcc
remains small (<10% in the speci c devices considered here) regardless of CR when N¢ gre
is smaller than 1017 cm 3. For higher N¢ grr, unless CR is very large (90% in our case),
Dlcc increases steeply with N¢ ggr, reaching values >60%, which are well above those
reported for state-of-the-art C-doped GaN power HEMTs for Nc grr values >10% cm 3,
the latter being instead quite typical for nominal C densities in extrinsically doped devices
(i.e., using C precursors). In other words, according to this analysis it is unreasonable that
C doping at high concentrations could simply translate to C \ acceptors, as in this case
DC-to-dynamic dispersion effects as current collapse and dynamic Rpy increase would
make the device completely nonfunctional.

Figure 7. DIp cc vs. N¢ gerfor CR = {0, 50, 90}%. The same symbols correspond to the saméN¢ A at
different N¢ p depending on CR.

This is in agreement with previous results that showed how assuming CR = 0%
(i.e., acceptors only) with concentrations on the order of the nominal C density (i.e.,
~10'8-10"° cm 3) resulted in large overestimation of current-collapse effects measured
in actual devices of different technologies [4,12,18,29].
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4. Discussion

By combining the results shown in Figures 4 and 7, we observe that the Vgp and
Dlcc values measured in the device under study can be reproduced with a single set of
parameters, and speci cally, with the same N¢ tot and N¢ grr, only when considering a
CR of about 50%. More generally, our results point to the necessity that a non-negligible
part of incorporated C atoms results in donor-like levels or contribute to donor-like defect-
impurity centers, thus compensating to a signi cant degree the dominant acceptor traps
introduced by C doping.

The results presented in this work are relevant for the modeling of any GaN HEMT
structure that incorporates C impurities (even unintentionally) in signi cant concentrations.
High unintentional C doping concentrations can likely occur for metal-organic chemical
vapor deposition (MOCVD)-grown, intentionally Fe-doped HEMTs for RF applications,
where C incorporation comes as an inevitable consequence of the growth processing
conditions [30].

5. Conclusions

We reported on the modeling of the compensation ratio (CR) between the donor
and acceptor densities due to carbon doping in the buffer of lateral GaN power HEMTs
to correctly simulate breakdown voltage ( Vgp) and current collapse (Dlc¢c). We showed
that compensating shallow donor traps ( N¢ p) need to be considered in addition to the
dominant deep acceptor traps (N¢ ), in order to reproduce Vpp and Dlcc with a single
set of parameters. Furthermore, we identi ed that the primary dependence of Vgp (Dlcc)
on C doping is through the total (effective) concentration of acceptor and donor traps.
The results presented here allow device engineers to properly model a given GaN HEMT
technology that incorporates C in its structure (even unintentionally) by setting the CR
value required to univocally reproduce both Vgp and Dlcc data.
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(>900 cn? Vs) [8] makes GaN-based devices attractive to work in very high powers and
microwave frequencies since it can handle high current (~ 10 A) and high voltage (~ 100 V)
with high transit speed [ 9,10]. The rst GaN RF device product was presented in 2005 [ 11]
but the insertion of the technology was limited in the military and some high-end RF
infra-structure applications due to high cost. Later on, the rst commercial product of
GaN HEMT for power electronic application was presented in 2009 [ 12]. Owing to its
superior performance and manufacturability on Si, GaN HEMT enters the stage of rapid
growth. More recently, GaN HEMT has been rapidly developed for high-performance
RF power ampli ers (PAs), such as mmW PA for 5G and beyond applications, owing
to the requirement of wide-bandwidth and data rate for future mobile communication
systems [13]. The roadmap in GaN HEMTs applications is illustrated in Figure 1.

Figure 1. (a) A roadmap of RF GaN HEMTs technology. (b) A roadmap of Power GaN
HEMTSs technology.

1.2. The In uence of Different Substrates on GaN HEMT Device

In the earlier stage of its development, the progress of GaN/AlGaN HEMT was fo-
cused on improving the quality of epitaxial material for RF applications, the major efforts
include the selection of the best substrate as well as developing unique processes [L4].
GaN HEMTs can be grown on different substrates, including sapphire, silicon (Si) sili-
con carbide (SiC), or diamond due to the lack of GaN bulk substrate [ 15,16]. The basic
structure of GaN HEMT is shown in Figure 2. For RF GaN HEMT, it was expected to
provide a very high output RF power for a single die up to several hundred watts over
a wide frequency range [17,18]. The high-power density requires ef cient power dissi-

62



Micromachine021, 12, 1159

pation on transistors as well as on substrate [19], thus, the performance and reliability
of the high-power RF transistor can be seriously affected by the thermal conductivity of
the substrate. The thermal properties of the different substrates are shown in Table 1.
By using a substrate with high thermal conductivity, like SiC, the high heat generated
can be effectively dissipated. AIGaN/GaN HEMTs on SiC substrates with very high RF
output power densities of about 40 W/mm have been reported [ 20]. However, the full
advantages of GaN on the high thermal conductivity SiC cannot be obtained as the thermal
performance is degraded due to the epitaxial layer defects at the interface between GaN
and SiC [21], which we will discuss further in a later paragraph. Cree has been developing
GaN on SiC for commercial sale since 2006 P2]. The gradual scale-up of high purity
semi-insulating 4H-SiC substrates from 2-inch to 4-inch substrates has greatly enhanced
the economic viability of wide band-gap microwave devices.

Figure 2. The basic structure of GaN HEMT.

In the past, SiC is mainly used as a substrate for RF GaN HEMT and demonstrated
satisfactory performance. However, Si substrate is desired due to its low cost, good
thermal conductivity, and availability of a large area. The growth of GaN on Si is more
dif cult than the growth of GaN on SiC since the growth of GaN on Si tends to result in
higher dislocation density or microcracks due to higher thermal expansion coef cient and
lattice mismatches [23]. With the progress of material engineering, the low cost and high
performance. GaN on Si device has been achieved on a high-quality GaN layer grown on a
large area Si substrate (8-inch wafer) [24]. One of the main issues of fabricating RF GaN
HEMT on Siis the increased RF losses due to the parasitic conduction channel introduced
at the lll-nitride—Si interface and lower resistivity of Si substrates [ 25-28]. High resistive
(HR) Si substrates are often adopted to solve the issue. However, the growth of high strain
GaN on HR Si substrate shows a worse bowing problem. Moreover, the cost of HR Si is
higher than that of low resistive (LR) Si substrate. These factors limit the production of
the device on a larger silicon substrate. Substrate removing technique is reported to allow
the fabrication of GaN HEMT on LR Si substrate with minimized substrate parasitic to
improve RF/MW characteristic [ 29]. Though high-performance RF GaN HEMT on Si is
still in development, GaN HEMT on Si has become the mainstream for power electronics
applications. Currently, the power GaN HEMT with breakdown voltage higher than
1200 V has been demonstrated. In the later paragraphs, we will discuss and review the
status of GaN on Si devices for both RF and power applications in details.
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Among all the potential substrate materials, single-crystal diamond shows the high-
est thermal conductivity [ 30]. A high cut-off frequency (85 GHz) of GaN HEMT on
the diamond was fabricated using wafer bonding between GaN HEMT structure grown
on Si wafer and polycrystalline diamond wafer [ 31,32]. AlGaN/GaN HEMT structure
grown by molecular beam epitaxy (MBE) on diamond (111) was reported with RF small-
signal characteristic [31,32]. A single-crystal AIN and AlGaN/GaN HEMT were grown
on a diamond substrate by using (111) surface orientation with metal-organic vapor
phase epitaxy (MOVPE) [15,33,34]. AlGaN/GaN HEMTs grown on diamond (111) sub-
strate for RF power operation with an output density of 2.13 W/mm were achieved [ 31].
Although the device performance for GaN on diamond looks promising, the lack of a
large diamond substrate limits the development of the technology. Commercially available
sapphire is also one of the most prominent substrates for the epitaxy of GaN due to the
limited native GaN availability [ 35]. However, the use of sapphire is limited as the stability
of the GaN on sapphire is less than that of GaN on Si due to weaker scattering phenomena
which is related to its thermal conductivity at high drain bias [36].

Along with the thermal conductivity of the substrate, Thermal Boundary Resistance
(TBR) is an important parameter to affect the overall rise in temperature of a device [ 37].
The thermal effects of the device are boosted by TBR which is resulted from the interface
for the growth of dissimilar materials. TBR is a measure of the resistance imposed by the
interface to heat ow due to the different dynamics of the phonons and the poor quality
of the crystal near the boundary. It is de ned as the maximum temperature increase by
the maximum power dissipation of the device. The TBR in commercial GaN HEMTs on
SiC can reach levels greater than 6 10 4 cm?K/W which can increase the maximum
temperature of the device by up to 40-50% [38,39]. The increase in TBR causes an offset to
the advantages offered by the substrate with high thermal conductivity due to the disconti-
nuity of the temperature gradient in TBR layers located at the GaN substrate interface [ 40].
Thermal conductivity for GaN and different substrate materials at 300 K and TBR values
of GaN/ substrate interface simulated in [ 41] are listed in Table 1. The lower TBR values
of GaN on Si substrate than that of SiC substrate is mainly due to the different thermal
expansion coef cient [ 42], the roughness of the substrate materials as well as the defect
related to the growth techniques. The high value of TBR at the interface of high thermal
conductivity substrate and GaN could be reduced and has additional advantage if it has a
better thermal coupling and fewer interface defects while low thermal conductivity like
sapphire has a less signi cant in uence of TBR on transporting heat [43].

Table 1. Temperature-dependent thermal conductivity of GaN/different substrate materials, TBR
values for GaN/substrate interfaces used in simulations are listed [41,44].

Thermal .
Thermal Expansion Lattice
Material Conductivity TBR (M2K/GW) pan Mismatch with
(W/m-K) Coef cient, GaN (%)
(10 6/K) 0
GaN 160 (300/T)14 - - -
Sapphire 35 (300/T)* 10-40 39 16
Si 150 (300/T)13 10-40 54 17
sic 420 (300/T)*3 30-60 3.2 4
Diamond 1200 (300/T)* 20-50 62.5 12

1.3. Evolution of GaN HEMT
1.3.1. Different Gate Structure Designs

The HEMT structure was based on T. Minura et al. (1975) [45] and M.A. khan et al.
(1994) B]. At the interface of AlGaN and GaN, there exists 2-dimensional electron gas
(2DEG) with high electron mobility owing to the difference in spontaneous polarization
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and piezoelectric polarization [ 46]. Hence the device operates as a normally-on device
naturally. To deplete the 2DEG channel, a gate electrode on top of the AlGaN layer has a
negative gate voltage concerning drain and source electrode applied. This type of device
is known as depletion-mode (D-mode) HEMT. Moreover, there are two types of D-mode
HEMT, namely with a Schottky gate electrode or with an insulating gate [ 47]. The rst
d-mode HEMT introduced had a Schottky gate electrode in which the metal gate electrode
is directly deposited on top of AIGaN. Ni—Au or Pt metals were used to form the Schottky
barrier [ 2348,49]. In insulate gated d-mode HEMT, an insulating layer is placed in between
the gate electrode and AlGaN similar to that of MOSFET to block the gate current [ 50].
Schottky gate and insulated gate d-mode HEMTs are shown in Figure 3.

Figure 3. (a) Schottky gate D-mode HEMT ( b) Insulated gate D-mode HEMT.

D-mode HEMT is not preferred in system applications as it requires a negative
bias to be applied. On the other hand, there is also a concern in fail-safe operation.
Therefore, Enhancement-mode (E-mode, normally-off) device is favored and has become
one of current focuses of technology development. To create e-mode devices, there are ve
popular structures: recessed gate, implanted gate, pGaN gate, direct-drive hybrid, and
cascode hybrid [47]. For GaN HEMT in RF applications, the most common fabrication
technique used for modifying the threshold voltage is “gate-recess”. This process reduces
the barrier thickness under the gate metal. The basic structure of gate recess HEMT is
shown in Figure 4a.

Figure 4. (a) Basic structure of Gate-recess HEMT. p) Schematic structure of p-GaN Gate HEMT.

There are also approaches to obtain E-mode devices by heterostructure or gate stack
designs. Ohmaki et al. proposed a double-barrier-layer AIGaN/GaN HFET in 2006. The use
of double-barrier-layer sustains the device at a BV of 435 V, Ron,sp of 1.9 mW cm?, with a
threshold voltage of 0.1V [51]. Inter University Microelectronics Centre (IMEC) presented
another E-mode AIN/GaN/AlGaN HFET structure in 2010 with a double heterostructure-
barrier layer. The double structure comprises of a high concentration 2DEG at the surface
of the hetero structure and an ultrathin AIN barrier layer grown on silicon substrate; and
the structure maintains a BV of 580 V, with an Ron,sp of 1.25 mW cm?, and a threshold
voltage of about 0 V [52]. Mizutani et al. in 2007, proposed an E-mode AlGaN/GaN HFET
with a thin InGaN cap layer. The proposed structure shifts the threshold voltage towards
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the positive direction by rising the conduction band of the AlIGaN/GaN via the use of a
polarization-induced eld in the InGaN cap layer [ 53]. Ostermaier et al. in 2009, proposed
an ultrathin InAIN/AIN barrier HEMT that have high performance under normally off
operation. They selectively etched the n++ GaN cap layer structure, which in-turn controls
the width of the ultrathin barrier layer [ 54]. The proposed structure operates with a
threshold voltage of 0.7 V, a maximum transconductance of 400 mS/mm and a maximum
output current of 800 mA/mm. Hughes Research Laboratories, in collaboration with the
Next Generation of Nitrides Electronics Project from the US Defense Advanced Research
Projects Agency (DARPA), proposed an E-mode HFET with a double-barrier layer via
selective-area molecular beam epitaxy (MBE) [55]. For the integrated E-mode and D-mode
AIN/GaN/AlGaN double-heterojunction eld-effect transistors (DHFETS) on a single SiC
substrate, an E-mode channel was achieved without additional procedures or compromise
in the electrical characteristics. The idea of developing a monolithic integrated E-mode
and D-mode device can be the groundwork for direct-coupled eld-effect transistor (FET)
logic circuits. Guowang Li et al. proposed an E-mode AlGaN/AIN/GaN HFET having
70% Al composition comprising of a thick AlGaN layer (17 nm), an AIN layer (0.6 nm)
and an Al ,03 (4 nm) layer. They used Ni/Au in the Schottky gate metal instead of Al/Au
thereby enhancing the threshold voltage from 1.0V to 0.13V [56]. Chiu et al. proposed
an E-mode HFET comprising of a composite dielectric layer via N ,O plasma oxidation
technology. The composite dielectric layer (Al ,03/Ga ,03) after the oxidation in the N ,0
for the AlGaN barrier layer improves the threshold voltage from 3.6 V10 0.17 V p7].
Based on this structure, Chiu et al. presented an E-mode HFET with a high- k composite
dielectric layer in 2012. The AlGaN barrier layer was oxidized by nitric oxide (NO) gas
prior to the Schottky metal gate deposition. After the oxidized AlGaN barrier layer stack
(Al,03/Ga »03) is formed, a dielectric Im of gadolinium oxide (Gd ,03) was deposited to
complete the structure thereby, enhancing the threshold voltage from  3.15V to 0.6 V [5§].
Massachusetts Institute of Technology in collaboration with Harvard university presented
one E-mode HFET with a scandium oxide (Sc,03) high-k dielectric. In the study, Wang
et al. introduced a Sc,03 high k-dielectric layer in the HFET to reduce the invert leakage
current thereby having the switch-current ratio ( lon/ lorg) reach 10s [59].

By reducing AlGaN barrier thickness, it can result in a reduction of polarization
induced 2DEG and the threshold voltage is shifted positively with the help of the work-
function of the metal gate. A positive threshold voltage can be achieved with a deep
enough gate recess etching thus forming an E-mode HEMT [60]. A chloride-based dry
inductively coupled plasma reactive ion etching (ICP-RIE) for gate recess etching has
been employed by several groups [61-66] which can effectively change the threshold
voltage to the positive direction of AIGaN/GaN HEMT. Damage in the subsurface was
also reported from ICP dry etching due to low etch selectivity between materials which
increases the gate-leakage current §7]. The damages were found to be repaired after
post-etching rapid thermal annealing (RTA) at 700 C [65,66]. For the RF HEMT structure,
recessed gate enhances the device performance by providing a better gate control capabil-
ity of the channel carriers. On the other hand, due to the repaired damage with proper
recessed gate process, icker noise characteristics were reduced, which is bene cial for
RF circuit applications such as voltage-controlled oscillators (VCOs) and mixers [ 68,69].
On the other hand, p-GaN gate technology is more popular for the fabricator of e-mode
power GaN HEMT device. The schematic structure of p-GaN gate HEMT is shown in
Figure 4b. The conduction band of the AlGaN is risen above the Fermi level when
compared with a standard Schottky gate normally-on HEMT due to the presence of
p-GaN cap and results in the depletion of the 2DEG channel. Uemoto et al. rst pro-
posed a p-AlGaN gate normally-off HEMT [ 70]. The thickness of the AlGaN barrier as
well as Al-concentration needs to be de ned appropriately to achieve an ef cient deple-
tion region in the channel [71-74].A high doping concentration of Mg, a p-type dopant,
(>10'8 cm 3) is necessary for the ef cient depletion at the interface of the metal gate/p-
gate [75]. However, the hole concentration can be reduced at a high temperature above
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500 C due to the formation of Mg-H complexes [ 76]. Hence, proper care is necessary
during device processing like annealing of Ohmic contacts so that Mg concentration does
not reduce. Another important feature is the choice of the metal gate as the threshold
voltage of the device depends on metal/p-GaN Schottky barrier height. In this aspect,
much researches have been done on metal gate work-function in uence on p-GaN electrical
behavior [ 77-80]. Schottky metal gates have shown improvement in lowering the leakage
and increasing the threshold voltage than Ohmic gate [ 77,78]. Presently, the TiN gate is one
of the good solutions due to its thermal and chemical stability along with the processing
compatibility [ 81-84]. A p-GaN gate HEMT with a “self-aligned” process using Mo-based
gate was demonstrated which employed “gate rst” process[ 85. Mo gate sustained the
high-temperature annealing process of source-drain ohmic contact without the barrier
degradation. Although p-GaN gate HEMT has reached commercialization, their reliability
issues [80] need intensive researches.

1.3.2. N Polar vs. Ga Polar

Typically group llI-Nitride devices are fabricated using the Ga-polar (0001) orientation.
However, the inverted N-polar polarity possesses a numerous advantage over Ga-polar
counterparts. The absence of inversion symmetry in wurtzite group IlI-Nitride results in
opposite polarization of N-polar crystal and Ga-polar crystal. Hence, the polarization in-
duced electric elds of Ga-polar heterostructures is opposite to that of N-polar counterparts
which results in formation of 2DEG of N-polar heterostructures above the wide-bandgap
barrier layer instead of below [ 86]. The advantages offered by N-polar GaN HEMTs over
Ga-polar HEMTs are as follows: (i) N-polar heterostructures has a strong back-barrier due
to its inherent wide-bandgap Al(Ga)N back-barrier for electron con nement which reduces
the effects due to short-channel [87], (ii) N-polar HEMTs has low-resistivity Ohmic contact
as the channel layer with lower surface barrier to electrons and a narrower bandgap can
contact 2DEG of N-polar HEMTs rather than contacting through wide-bandgap Al(Ga)N
barrier [ 88,89] which results in the possibility of lowering the contact resistance by us-
ing selective regrowth of ohmic area in N-polar structure, (iii) N-polar heterostructure
has improved scalability. The effective gate-channel distance is reduced by the quan-
tum displacement of the 2DEG in N-polar HEMT which is opposite to that of Ga-polar
HEMTs owing to the reduction in effective gate-channel capacitance due to quantum ca-
pacitance [90]. Such enhancement results in higher N-polar transconductance than that of
Ga-polar with same gate-channel thickness. The aspect ratio as well as the charge density
under the gate of N-polar HEMTs can be controlled independently where the enhancement
of charge depletion due to the scaling of channel thickness are compensated by increasing
the thickness and the polarization of charge-inducing back barrier. Whereas, gate aspect
ratio in Ga-polar HEMT depends on the barrier thickness and there is a trade-off between
the charge density under the gate and the barrier thickness [91]. N-polar heterostructure
does not required intentional n-type doping for the formation of 2DEG [ 89,92,93] due to
the presence of high-density unintentional bulk and surface donors [ 94]. A N-polar GaN
HEMTSs epitaxy grown by MOCVD on 4  off-cut 2-inch diameter sapphire substrate at
UCSB for X-band power performance transceiver systems was reported with 2 tone results
at 10 GHz [95]. The reported HEMTSs structure is similar with that of structure reported
by X. Zheng et al. [96]. The reported HEMT device shows very little 3rd order distortion
in intermodulation and 65% of single tone high power added ef ciency (PAE) with 3
W/mm power density which can be scaled favorably with 15 V drain voltage. A deep
recess W-band power N-polar GaN HEMTSs utilizing a new atomic layer deposition (ALD)
ruthenium (Ru) gate metallization process with PAE of 33.8% and 6.2 W/mm high power
density was demonstrated [ 97]. The demonstrated HEMTs has an outstanding control over
the DC-RF dispersion due to presence of deep recess structure in conjunction with SiN thin
passivation layer and has a high gain as the narrow 48-nm gate trench was lled by ALD
Ru metal.
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1.4. CMOS Compatible Process for GaN HEMT

In wireless communication, to respond to the growing demand for high data rates,
there is a push to a higher operating frequency, switching to millimeter-wave from the con-
gested sub 6 GHz band. Beyond operational speed of power ampli ers, output power (P out)
and power added ef ciency (PAE) in RF Front End Modules are critical for next-generation
portable devices and small cells. As opposed to CMOS, the high-power handling capabili-
ties of GaN are advantageous for mm-wave operations [ 98] as the more energy-ef cient
system can be achieved owing to its capability in the high output power with high ef -
ciency at high-frequency. However, the integration of GaN HEMTs remains one of the
main concerns. The current limitation of GaN RF technology is due to the use of expensive
older generation Au-based processing as well as non-Si substrates P9]. Hence to make
GaN devices for RF and MM-wave applications, migrating to 200 nm Si platform and using
standardized CMOS fabrication tools for manufacturing the device become a crucial step
to improve yield and reduce the cost. Similarly, the CMOS compatible technology can
also bene t the development of GaN devices for power electronics. A CMOS-compatible
110 V/650 V e-mode GaN HEMT with excellent power converter switching performance
with high robustness was fabricated on 6-inch GaN on a Si wafer [ 100. Figure 5 shows
an example fabrication process ow of GaN devices. GaN devices with low RF loss, low
buffer dispersion as well as good leakage blocking capability have been demonstrated
by integrating the device on the Si platform based on the Au-free, Si CMOS compati-
ble process 08,101-103. To enhance the functionality as well as the performance of the
RF modules, various approaches to integrate CMOS and GaN devices have been devel-
oped [104,105].

Figure 5. Gate- rst process ow for the fabrication of GaN devices. Five device splits were realized
based on differences in gate processing [98].

1.5. GaN-Based CMOS Technology

A lot of demonstration has been done on power integrated circuit based on
GaN [106-108 which depends on the integration of E-mode and D-mode n- type HEMTSs.
However, these E/D mode circuits have reduced output voltage swing and also suffers
from static power dissipation. Therefore, a CMOS-like circuit technology is required
to increase the ef ciency of ICs based on GaN as this circuit technology has negligible
static power consumption, has higher noise immunity and less circuit complexity [ 109.
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However, the challenges of the monolithic integration of the p-type GaN FETs with n-type
GaN FETs along with lack of high-performance of p-type GaN FETs are the major obstacle
towards achieving high ef ciency GaN-based ICs. A various epitaxial structures of p-type
GaN FETs have been demonstrated [L110-117]. A GaN complementary inverter circuit com-
prising of both E-mode n-type GaN FET and p-type GaN FET monolithically integrated on
Si Substrate without regrowth technology was also demonstrated [ 11§. The probe station
with thermal chuck were used to characterize the fabricated inverter under high operation
temperature. The fabricated circuit shows an outstanding transfer characteristics up to
300 C with maximum recorded voltage gain of about 27 V/V at 0.59 V input voltage with 5
V as Vpp supply. A very high density of 2D hole gas (2DHG) induced by the polarization at
the interface of GaN/AIN was discovered [ 119 which led to the development of p-channel
heterostructure eld effect transistors (HFETS) that reach the linear current density of
100 mA/mm [ 117. A p-channel MISFET with a recessed-gate was grown by metalorganic
chemical vapor deposition (MOCVD) using p-GaN/AlGaN/GaN hetrostructure on Si
substrate [113118. The fabricated structure contains both 2-dimensional electron gas
(2DEG) and 2-dimensional hole gas (2DHG) without regrowth technology which is suitable
for implementing GaN- based complementary circuit. The fabricated long channel p-type
device when compared with p-FET GaN/AlGaN on sapphire substrate exhibits state of the
art on-off ratio performance. A p-channel 2DHG GaN/AIN transistors which can break
the barrier of GHz speed was demonstrated [ 120. The fabricated transistor exhibits an
on-current density of 428 mA/mm and a cut-off frequency of 20 GHz. A wide-bandgap
CMOS platform formed using these fabricated p-channel HFETs along with excellent per-
formance n-channel HFETs [12]] was expected to achieve a new domain in the RF and
power electronics applications [122].

In the later paragraphs, we will review in more detail the progress and performance
of GaN on Si devices. Moreover, the progress in hetero-integration will also be described.

2. GaN HEMT on Si
2.1. GaN Epitaxial Growth on Silicon

Silicon substrate is a general and commercial materials in semiconductor technology.
Actually, a good epitaxy must be ne-matched in lattice and thermal expansion coef cient
between GaN and heterogenous substrate, like Si, Sapphire, SIiC... etc. The related
summary in physical parameters is listed in Table 2 [123].

Table 2. The lattice and thermal mismatch of Si, SiC, Sapphire, AIN, and GaN.

Mismatch Si SiC Sapphire AIN GaN
Crystal Structure FCC HCP HCP HCP HCP
Lattice Constant (A) 5.43 3.08 4.758 3.112 3.189
Lattice Mismatch (%) 16.9 35 16.08 24 -
Thermal Expansion (10 © K) 3.59 4.3 7.3 4.15 5.59
Thermal Mismatch (%) 55 30 23 34 -

Due to the mismatch of lattice constant and thermal expansion coef cient between Si
and GaN, it is more difcult to achieve high quality GaN structure growth on
Si [124-126]. In general, a lot of defects exist, and the gallium nitride layer may crack
when cooling process. In order to solve these problems, gallium nitride epitaxial layers
with high uniformity, high quality and no cracks can be grown on silicon substrate by
growing buffer layer as shown in Figure 6 [ 12,127]. The buffer layer can be designed in the
following two ways: (1) AIN/GaN superlattice growth through the step gradient AlGaN
layer [128], and (2) AlGaN/GaN superlattice [ 129. The bending of the wafer will increase
with the increase of the thickness. A multilayer-buffer structure reduces the tensile stress
caused by the huge difference in thermal expansion coef cient between GaN and Si. It's
useful for inducing compressive strain in the growth process, as to counteract tensile strain
introduced in the cooling process, prevent cracking and produce a at wafer.
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Figure 6. (a) Schematic cross-section of the typical epitaxial layer structure used for the manufacture
of GaN-on-Si HEMTs. (b) TEM image of a GaN/AIN superlattice buffer layer and (  ¢) a step graded
AlGaN buffer layer, both on Si substrates [12].

Furthermore, the breakdown voltage in GaN HEMT is affected by the quality and
resistivity of GaN-based templates. In order to operate an ef cient GaN channel, it also
needs higher resistivity buffer layer to prevent the DC leakage current and AC coupling.
The characteristics of GaN high-frequency power ampli ers will change with the resis-
tance of the underlying buffer layer, which is mainly due to the signal coupling effect.
However, several groups have used different methods to improve the buffer layer re-
sistivity, which employed p-type dopant (Mg) to enhance GaN buffer structure (n-type
intrinsically). Another method is using Carbon dopant which plays a more attractive role in
buffer layer. Compared to Mg case, the storage effect of Carbon-doped method isn't strong.
According to doped buffer layer, the carrier concentrations and electrical properties (break-
down voltage) are adjusted by varied epitaxial conditions [130].

On the other hand, the top barrier layer includes AlGaN or InAIN, which results
in 2DEG of HEMT through polarization charges in nitride-based materials are critical.
While the thin AlGaN layer is grown on GaN channel layer, the Al content and thickness
would be limited due to the lattice mismatch of GaN. The interface charge could be adjusted
by varied barrier thickness and Al compositions. Compared to AlGaN, InAIN could reduce
epitaxial defects as a result of thicker critical thickness. It shows that a good lattice-matched
INAIN (18% In) exhibits a stronger spontaneous polarization to generate a higher channel
charge density [131].

2.2. Power GaN Performance Si Substrate

As described in Section 1, the traditional power HEMT structure uses a Schottky
metal to modulate the 2DEG in the channel. Generally, the metal stack Ni/Au is used for
the HEMT. However, in order to ef ciently control the gate leakage current, high-k gate
dielectric layer was employed to form metal-insulator-semiconductor (MIS) gate, [ 132 for
commercial power GaN HEMT on Si. The passivation layer provides additional protection
and reduces the current loss in the surface state of devices. The breakdown voltage of GaN
power components on Si in the low- and medium-power elds are predicted above 900 V,
and the GaN shows very high potential in power applications due to the bene ts of a low
switching loss and lower cost [133].

Furthermore, the power electronics application represents one major market in the
developments for GaN power devices like p-GaN HEMTs for enhancement-mode (E-
mode) operation. The breakdown voltages for p-GaN HEMTs have exceeded 1000 V
(Ron,sp of 2 mW cm?). In power switching applications, a normally-off (enhancement-
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mode) GaN HEMT is desirable due to the safe-operation formation and ef cient gate
control to switch on/off. A variety of e-mode GaN HEMTs are fabricated by using p-
GaN gate [74], gate recess 34, or plasma treatment techniques. The p-GaN gate HEMT
showed a good performance, reliability, and commercialization. Figure 7 shows the band
structures of normally-on AlIGaN/GaN HEMTs and normally-off p-GaN/AlGaN/GaN
HEMTs. The 2DEG channel is depleted at a zero-bias condition as the conduction band
energy of AlGaN is lifted due to the p-GaN region. The electrical characteristics of the p-
GaN gate HEMT shows V 1, the Vg limitation, and the gate leakage current (I gs9 depend
on the structure of the gate stack by using normally on and off system [ 135. In order to
deplete the 2DEG channel at Vg = 0, the general AlGaN thickness is 10~15 nm, and the
thickness of the p-GaN gate is 50~100 nm. A doping Mg concentration of the p-GaN (or
p-AlGaN) gate is around 10 18~10% cm 3.

Figure 7. (a) Cross-sectional schematic of p-GaN gate HEMT [135 and (b) schematic of the operation
principle of the normally on HEMT and ( c¢) normally off HEMT [74].

2.3. RF GaN Performance Si Substrate

GaN technology that can offer high output power and ef ciency at high frequencies is
regarded as the most critical technology to reduce the complexity in designing upcoming
mm-wave band communication system for 5G or beyond applications. In particular, GaN
on Si technology that can greatly reduce production costs has attracted more attention.
However, due to the challenges in obtaining higher-quality epitaxy on Si, RF GaN HEMT
was fabricated primarily on SiC for high-frequency applications until 2014 when MACOM
announced the mass production of 4” GaN on Si technology. Due to the continuous
improvement of epitaxial technology, almost all major semiconductor foundry starts to
invest heavily on the development of GaN on Si technologies.

In order to develop RF GaN HEMT with superior high-frequency characteristics, we
can refer to the equivalent circuit [ 136 shown in Figure 8, the small signal model of a GaN
HEMT includes gate parasitic capacitance and resistances. According to Eq (1)(2) [L37], we
must decrease capacitance 138, ohmic contact resistance [L39, gate resistance [L4( and
increase transconductance [141] in order to maximum the f+ and fmax.

_ I
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Figure 8. Small-signal equivalent circuit for the tested MOSFETSs.

To operate at high frequency, the gate length must be minimum to reduce gate capaci-
tance, as shown in Figure 9. But, the parasitic resistance will be increased and degrade the
high frequency performance [ 142, the T-shaped gate becomes a key element to reduce the
gate parasitic resistance. The height and width of the T-shaped gate should be optimized
for both capacitance and resistance values. Keisuke Shinohara et al. 142 demonstrated
the most suitable T-gate shape through simulation based on gate capacitance as show in
Figures 10 and 11. Benchmark of cut-off frequency versus Lg [143-14§ illustrates the
importance of gate length shrinking to increase f 1. Both NTU [ 149 and Intel [ 143 demon-
strated 40 nm gate length GaN HEMT on Si with f /fmax higher than 300 GHz, though
the current record f t/fmax values of 450 GHz was achieved by HRL [ 144] with the 20 nm
Gate GaN on SiC technology.

Figure 9. Fy and Fyax versus Lg [142].
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Figure 10. Simulation for T-gate capacitance [142].

Figure 11. Benchmark for frequency versus Lg.

There are many device technologies have been developed based on GaN HEMT on SiC
substrates. Most of those technologies can be applied on GaN HEMT on Si as well. We will
describe some of the typical examples below. Hiroyuki Ichikawa et al. [ 150 designed
150 nm gate length INAIN/GaN and AlGaN/GaN HEMT, the AllnN/GaN HEMT showed
high Gy, and exhibited a f/fmax of 70/150 GHz. Michael L. Schuette et al. [ 141] demon-
strated a peak fr/fmax of 348/340 GHz for 27 nm gate length on INAIN/GaN HEMT
with gate recess. Ezgi Dogmus et al. [15]] used ultra-thin AIN (4 nm) barrier to re-
place AlGaN and in-situ SiN demonstrated a f t/fmax of 55/235 GHz. Jeong-Sun Moon
et al. [152 designed 50 nm gate length AlGaN/GaN HEMT with graded AlGaN barrier
and n++regrowth, and the HEMT exhibited a ft/fmax of 156/308 GHz. Lei Lietal.[ 153
demonstrated ft/fmax of 250/204 GHz using n++regrowth for INAIN/GaN HEMT on Si
substrate. Figure 12 benchmark fr versus fyax [141,150-155].

73



Micromachine021, 12, 1159

Figure 12. Comparison of the measured f1 and fyyax in GaN-based HEMTs from literature.

GaN HEMT on Si also have high load pull result comparable to SiC substrate [ 155,
nevertheless, GaN HEMT on Si substrate shows high potential. D.C. Dumka et al. [ 156
demonstrated 13.1 dB linear gain, maximum P gyt = 34.5 dBm, output power density
7 W/mm and PAE 65.6% at 10 GHz in X band. Diego Marti et al. [ 157 showed 6 dB linear
gain, output power density 1.35 W/mm, and PAE 12% at 94 GHz in W band.

For used in 5G mm-Wave communications, higher data rates require more com-
plex communication systems such as Multi-input Multi-output (MIMO). MIMO employs
complex frequency and phase division. So high linearity devices are required to avoid
interaction each complex frequency bands. J. Vidkjeer et al. [158 summarized some solution
for linearity include geometrical, layout and epitaxial design. Weichuan Xing etal. [ 159
designed 150*150 nm nanostrip gate hole structure by BCl;/Cl , and Al ;03 insulator which
have good linearity. Jeong-sun Moon et al. [16( used AlGaN/GaN graded channel which
have good PAE and linearity. Bin Hou et al. [ 161] used barrier layer of sandwich structure
and AlGaN back barrier which show good power performance and linearity. Kai Zhang
et al. [162] used Fin-FET HEMT that have good linearity compared to the planar HEMT.

3. GaN HEMT on Silicon-on-Insulator (SOI) Substrates
3.1. GaN Epitaxial Growth on Silicon-on-Insulator (SOI) Substrates

In epitaxial issues, the bowing effect always exists on the hetero-interface due to the
lattice mismatch and the thermal expansion differences. T. Egawa from Nagoya Institute of
Technology has reported a relative function of the wafer bowing and epitaxial thickness of
AlGaN/GaN HEMT on Si[ 163, as shown in Figure 13. A thicker GaN/AIN superlattice
structure exhibits higher bowing value in these experiments. It is a wafer bowing reference
in HEMT epitaxial developments on Si. However, based on the outstanding electrical
isotropic and mechanical features of the SOI substrate, it is expected to be a signi cant
contender as a technological platform for mass production of GaN HEMT in the near
future. However, the SOI substrate still suffer from a bowing effect, which may result in
broken wafers or dif culties in subsequent fabrication processing steps, as well as a lower
temperature tolerance during wafer process. Recently, from our study, we demonstrate
the growth of AlIGaN/GaN heterostructure on a 150-mm SOI substrate with different
boron doping concentration in handle wafer, as shown in Figure 14. By heavily doping
Boron in silicon handle wafer of SOI substrate, we can effectively reduce the bowing effect,
increase the thickness of the epitaxial layer, and further improve the device performance.
Heavily doped handle wafer causes a reduction in wafer bowing by >97%, as shown in
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Table 3. Moreover, it can be seen from Figure 15 that the issue of edge cracks for the heavily
doped SOl substrate (sample B) are great improved, and there is no peeling phenomenon,
which means that the heavily doped SOI substrate have better ability to resist the stress
generated during GaN epitaxy. Figure 16 is the comparison of the half-width values of the
GaN epitaxial layer (102) measured by X-ray diffraction analyzer. It can be observed that
the BOW value is related to the epitaxial quality. That is, the more severe the bowing effect,
the worse the epitaxial quality, which has also been demonstrated in GaN on SiC and bulk
GaN substrate [164,165].

Figure 13. Wafer bowing as a function of total epitaxial layer thickness [163].

Figure 14. Schematic cross-section of AIGaN/GaN HEMT on SOI substrate.

Table 3. Device characteristic of different Boron doped level in handle wafer.

Sample A B

Dope-level Light doped Heavy doped
Doping concentration

3 1.35 10%°~1.49 106 5.95 109~1.26 102
(atoms-cm °)
Bowing ( m) 258 6.7
FWHM (arcsec) (10 2) 1484 1188
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Figure 15. Top section of OM image (a) Sample A. (b) Sample B.

Figure 16. Asymmetric (102) XRD ! -scan rocking curves of substrate with big BOW value (black)
and small BOW value (red) measured from surface.

3.2. Power GaN HEMT on SOI

In the past several years, enhancement mode (E-mode) AlGaN/ GaN HEMTs have been
demonstrated to be the potential devices for next generatio n high efficiency power switches and
converters application [ 2,166. Currently, SiC [ 19] and Si [167] are the most popular substrates
for GaN HEMT. However, GaN-on-SOI has been considered as a highly potential option
which may provide better performance in high frequency and h igh-power system, owing to its
capability in defect reduction of epitaxial layer, as descr ibed in Section 3.1.

According to our studies shown in Section 3.1, the BOW value of GaN on SOl substrate
is close related to threading dislocation density (TDD) and epitaxial quality. The HEMT
devices on SOI substrate with lower BOW value exhibit 1 order smaller off-state leakage
and 8.4% smaller speci ¢ on resistance, also 68.8% improvement is observed in 3-terminal
off-state breakdown voltage (BV gp), shown as Figure 17. Moreover, the dynamic Roy
degradation can be reduced. This implies that by heavily doping in handle wafer not only
reduce the bowing effect, but also improve the quality of substrate and the performance of
high-power device.
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Figure 17. (a) Ips-Vgs characteristics of HEMTs with big BOW value (Device A, black line) and small
BOW value (Device B, red line) (Vps = 10 V). (b) Three-terminal off-state characteristic of the E-mode
HEMTsatVgs= 5V

GaN-on-SOl substrate exhibits a capability to improve the power device performance
and also have been proven by many research teams [L68-177 including smaller reverse
recovery leakage [169, higher breakdown voltage [ 168169 and smaller vertical leak-
age [177. Kevin J. Chen et al. [169 reported the SOI substrate with a reduced stress in the
GaN epilayers (shown as Figure 18a) and an excellent E-mode HEMTs on SOI produced by
uorine plasma implantation method with a high ON/OFF current ratio (10  8-1), large
breakdown voltage (1471 V with oating substrate), and also a smaller vertical leakage at
reverse bias, as shown in Figure 18b.

Figure 18. (a) GaN-on-SOI and GaN-on-Si (bulk) wafers under Micro-Raman spectroscopy. The E2
peak on the GaN-on-SOI wafer was mapped (Inset) (b) Characteristics of vertical leakage on GaN-on-
SOl and GaN-on-Si (bulk) platforms [169].

Moreover, most GaN power switching systems are currently produced using a multi-
chip approach, resulting in signicant complexity and expense [ 173-175.
Monolithic integration of GaN-based power devices has steadily gained interest for GaN
high-power systems. The bene ts of monolithic integration of GaN power systems on
a single chip include minimizing parasitic inductance, reducing die size, and enhancing
design exibility [ 107,176. To prevent mutual in uence between the devices in monolithic
GaN power integrated circuit, it suggests that the low and high side HEMT transistors
must be fully isolated for a half bridge, as shown in Figure 19 [ 172177]. However, it is
challenging to accomplish on GaN-on-Si substrates because those HEMTs share a common
conductive Si substrate. Figure 20a shows the transfer characteristics of a GaN monolithic
half bridge with a common Si substrate biased from 200 to 200 V at 150 C. Signi cant
variations in threshold voltage (Vth) and drive current are seen when the Si substrate is
biased negatively. Nevertheless, using GaN-on-SOI and a trench isolation method, this
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issue could be overcome [172177,178. The transfer characteristics of GaN-on-SOIl HEMT,
as shown in Figure 20b, illustrate the bene ts of device isolation. When the substrate of
a neighboring device is biased between 200 V and 200 V, transfer characteristics vary
relatively little, which is in sharp contrast to characteristics on a silicon substrate.

Figure 19. Schematic cross-section of the isolated e-mode p-GaN HEMT [177].

Figure 20. Transfer characteristics while simultaneously biasing the silicon substrate from 200V to
200 V (a) with a common silicon substrate ( b) with SOI substrate [177].

3.3. RF GaN HEMT on SOI

In addition to the power devices, AlIGaN/GaN HEMTs have also been demonstrated
to be the potential devices for RF applications [ 179-187. Moreover, GaN-based MMIC
(Microwave Monolithic Integrated Circuit) has steadily gained interest as compared to a
system in package or a multi-chip module, since monolithic integration of GaN RF systems
allows for smaller, cheaper, and less complicated circuitry [181,182].

SOl substrate is outstanding for its better vertical isolation performance and a lower
substrate loss [L83. Besides, when compared to GaN on Si substrate devices, GaN on SOI
substrate devices demonstrated better DC, breakdown voltage, and RF
properties [ 170,184,185. It was demonstrated that GaN-on-SOI substrates perform better
in terms of tensile stress relaxation and surface atness than Si substrates. It can result in a
reduction of defect density, which is further supported by pulse and low-frequency noise
measurements. The SOI substrate capacitances extracted from the small signal model are
lower than the HR-Si substrate, as illustrated in Figure 21, owing to the series connection
of device layer, buried oxide layer, and handle wafer of SOI substrate. As a result of the
small substrate capacitances of SOI substrate shunt to the G, the effective Cpg items that
dominated the feedback capacitance were decreased. Furthermore, the utilization of SOI
substrate can increase the device's bandwidth and linearity was proven at the same time,
as shown in Figure 21b [185].
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Figure 21. (a) Cross-sectional structure of MISHEMT on SOI substrate (b) high frequency parameters
for AIGaN/GaN MISHEMT on SOl substrate(blue) and AlIGaN/GaN MISHEMT on HR-Si substrate
(red). [185].

4. GaN HEMTs on QST Substrates

Recently, a new engineered substrate consists of polycrystalline core and single crys-
talline surface layer, which exhibits a good thermal expansion and crystalline match to
GaN, are presented. It provides a good matching in coef cient of thermal expansion (CTE)
characteristics with Gallium Nitride (GaN). The template enables growth of thick and
high quality GaN semiconductor layers on 8- and even 12-inch wafers and support a
lower cost for GaN devices in power supplies and RF transmitters commercial markets.
According to Qromis Inc., Qromis Substrate Technology (QST) promises a thicker GaN
epitaxy to expands the GaN HEMT's limitation in breakdown voltage roadmaps (up to
1200 V) in power devices in vertical electron paths. Compatible with conventional GaN
growth platforms, as the substrates are thermally matched to GaN, it offers low defect
density, high crystal quality, and low wafer bow. As previous sections described, the high
quality GaN power devices enabled are potential for a higher switching speed, simpler and
smaller form, and higher-temperature operation.

The Naval Research Laboratory (NRL), Kyma and Qromis Technology reported some
material characterization studies. It's interesting that GaN device layers upto 15 m were
demonstrated with a wafer bow of 1~ m for growth on 150-mm-diameter substrates [ 186§.
The development to manufacture 200 mm freestanding GaN from 300 mm QST ® [187]
also looks promising. According to several reports, the thermal conductivity and CTE
relationship for different substrates are depicted in Figure 22. It also shows a high quality
AlGaN/GaN buffers grown on substrates with a less mismatch in coef cient of thermal
expansion (CTE). Figure 23 shows an illustration of evaluating the vertical buffer leakage
currents in both reverse and forward bias mode, and it exhibits a maximum of reverse
currentof 1 A/mmat25 Cand10 A/mm at 150 C as the reverse voltage exceeds
700 V. The leakage current increases by ~3 orders from 25 to 150 C [18§. According to a
MIT group, a GaN vertical power FInFETs on engineered substrate was demonstrated [ 189.
Figure 24 shows the schematic of the quasi-vertical device architecture, which consists
of 132 ns with 100 nm, 700 nm and 21 um widths, spacing and length respectively. It
exhibits a current density of Jps=3.8 kA/cm 2 at Vgg= 1.5 V and Vps= 4 V, and a maximum
gm = 2 kS/cm 2 at Vpg = 4 V. The current density in each n is higher than 30 kA/lcm 2 at
the same bias condition. They also benchmark vertical and quasi-vertical MOSFETSs on
non-GaN substrates, as shown in Figure 25.
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Figure 22. Different substrate for coef cient of thermal expansion (CTE) and thermal conductiv-
ity [188].

Figure 23. (a) The illustration of vertical buffer leakage measurements ( b) The leakage current density
under voltage bias for a 5.6 mm-thick buffer grown on 200 mm GaN-on-QST ® substrate [188].

Figure 24. A schematic diagram of the vertical GaN FinFET devices and fabrication steps [189].
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Figure 25. Benchmarking maximum current density in vertical GaN-on-Silicon transistors as a
function of equivalent oxide thickness [189].

5. Heterogeneous Integration of GaN HEMT

The conventional silicon-based RF devices fabricated on 32 nm Si complementary
metal-oxide-semiconductor (CMOS) with a cut-off frequency of 445 GHz were exhibited
and the cut-off frequency are expected to further scale [190. However, despite having
impressive cut-off frequency, Si CMOS is not well suited with high voltage or high-power
density due to lower breakdown voltage whereas GaN devices are more suitable for these
types of applications. Hence, co-integrating Si with GaN on a single chip may help in
achieving high power and high-performance application. The main motivation for integrat-
ing GaN and CMOS is due to the superior GaN performance in fast power switching and
the high functionality of CMOS logic, reduction in interconnect distance as well as losses,
smaller form factor, reduction in power consumption, lower cost, and lower assembling
complexity [ 191,197. There are two types of GaN and CMOS integration variants on
wafer-level namely Monolithic Integration and Heterogeneous Integration (HI). In the
past few years, the key technology development and production is heterogeneous inte-
gration. For high-frequency applications in space and defense and the 5G application
in the commercial world, heterogeneous integration for RF has become an essential task.
Typically, hetero-integration of RF devices is done with different semiconductor materi-
als not only CMOS to address the required speci ¢ performance like Diverse Accessible
Heterogeneous Integration (DAHI) technology [ 193. HI methods can be wafer to wafer
(WTW), chip to wafer (CTW), or Chip to Chip (CTC), etc[ 194. CTW and CTC are usu-
ally used for integrating dissimilar heterogeneous materials as it minimizes coef cient of
Thermal Expansion (CTE) as well as wafer warpage issues which enable known good die
(KGD) and pretty good die (PGD) that helps in achieving good yield. In WTW integra-
tion, CTE issues are challenging, and the yield is compromised. High frequency 3D HI
faces challenges such as implementing effective 3D screening method as in some cases
chiplets don't have test pads and there is insuf cient availability of process design kit
(PDK) with RF functionality, co-simulation capability, and 3D parasitic extraction [ 194.
One heterogeneous integration method that makes the GaN power system compatible with
CMOS fabrication using SOI substrate was stated by the IBM research division [ 195 as
shown in Figure 26.
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Figure 26. (a) Heterogeneous integration of SOI substrate with top Si (100) and bottom Si (111) and
GaN epitaxial (b) SEM cross-section [195].

A DC-DC boost converter was designed using GaN power transistors integrated
with bipolar-CMOS-DMOS (BCD) which combines both the advantages of high-voltage
low-loss GaN devices and high-integration BCD circuits [ 19€]. The designed GaN2BCD
technology is a promising power converter application platform. Deeply scaled E/D-mode
GaN HEMTs integrated with monolithically integrable GaN Schottky diodes were able to
offer advantages in MMIC applications [ 142. GaN-on-Si monolithic microwave integrated
circuits (MMICs) were fabricated on 200-mm-diameter using a fully CMOS-compatible
fabrication process which enables integration of wafer-level 3D GaN MMICs with Si CMOS
circuits for performance and functionality enhancement while the size, weight, power, and
cost is reduced [197]. As shown in Figure 27, a team from Raytheon [ 19§ in the United
States successfully demonstrated fabricating GaN HEMTs in windows on SOI wafers
containing Si CMOS transistors, with DC and RF performance comparable to GaN HEMTs
on SiC substrate, as well as a rst GaN-Si CMOS heterogeneously integrated MMIC: GaN
ampli er with CMOS gate bias control circuitry (a current mirror) and heterogeneous
interconnects, as shown in Figure 28.

Figure 27. GaN HEMT and Si CMOS are heterogeneously combined on a modi ed SOl wafer [ 19§.

Figure 28. GaN-Si CMOS heterogeneously integrated MMIC [198].
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For heterogeneous integration, wafer bonding is one of the most promising integration
approach for integrating group IlI-V materials and CMOS on Si[ 191]. Monolithic structure
can be done by direct wafer bonding [ 199 or heteroepitaxy [ 20(. Direct wafer bonding
can be used for integrating non-lattice matched semiconductors and also for integrating
different crystal structures. Moreover, no additional intermediate layers are required and
can also integrate two or more wafers. However, it requires a very at, smooth, and
particle-free surface along with tting wafer diameter and chip sizes.

A new 3D integrated circuit (3DIC) solution, System on Integrated Chips (SolCTM),
was developed by Taiwan Semiconductor Manufacturing Company (TSMC) [ 201] to inte-
grate active and passive chips into a new integrated SoC system. Comparing the typical
3DIC stacking with SolC, the latter offers higher I/0 density bonding density, lower energy
consumption/ bit data, lower electrical parasites, and lower thermal resistance [ 190 which
might help in unleashing the boundary of IC designer on heterogeneous integrations in
future 5G, Al, mobile, and HPC applications. IMEC developed NaNO-TSV (Through
Silicon Vias) connection for heterogeneous integration as 3D system-on-chip (3D-SoC)
integration technology which possess a wafer-to-wafer bonding approach combined with
via-last TSV connection [202. Finally, Wafer-level packaging (WLP) of the heterogeneous
integrated devices is required to be protected from the environment [ 203. WLP also elimi-
nates assembly equipment, reduces package cost, and minimizes the chip size as well as
provides high yield and high reliability.

6. Conclusions

In the previous GaN HEMTs development roadmap, the heterogeneous epitaxy has
been one of the issues affecting devices performance. The wide application of compound
semiconductors has attracted wide attention and become matured gradually, including and
ranging from RF power ampli ers to electronic systems. The demand tendency for power
devices is increasing, especially in electric vehicles and the fast-charging applications.
As high-frequency communications keep developing, the GaN HEMT technology will
be very critical. Traditional silicon substrates will no longer be only GaN HEMTs tem-
plate but will be replaced by other smooth and friendly substrate for some applications.
These advanced substrate technologies ef ciently improve device characteristics, perfor-
mance, and reliability. It will bring thicker GaN buffer layer, high thermal conductivity, and
high resistance substrate in the future high-power high-frequency components. In addition,
the heterogeneous integration of GaN HEMTs and CMOS structure have become a new
direction. In this article, we provide a brief and comprehensive overview of these important
technology developments.
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the performance of a digitally controlled 2 kVA three-phase shunt-active power Iter using GaN high
electron mobility transistors was demonstrated for the rsttime. In addition, since decarbonization and
green energy are two of the modern trends, renewable energy-based distributed power generation and
on-line energy management systems have been intensively researched over the past decade. How to
improve the performance and optimize the application of grid-level energy storage systems (ESSs) has
also become one of the necessary technologies to promote the sustainable development of renewable
power generation, active power distribution systems, and micro-grids. At present, practical electric
energy storage technologies include pumped hydro system, compressed air energy storage, battery
energy storage systems (BESS), ow battery, superconducting magnetic energy storage, ywheel,
supercapacitor, etc. [16,17]. Among the above-mentioned grid-level ESSs, the vanadium redox ow
battery (VRFB) has the advantages of independent and exible design of output power and energy
storage capacity, high energy conversion e ciency, safety, and low maintenance costs, which make it
very suitable for a wide range of applications, such as distributed power generation optimization, energy
management and integrated power quality control technology related applications [ 1819]. In general,
the performance of ESSs in practical application mainly depends on their power conditioning systems
(PCS). The PCS topology required by the general grid-connected BESS can be divided into two categories:
single-stage [20-23] and two-stage [ 24-27] according to the circuit architecture. The single-stage system
is more suitable for high-voltage, high-capacity battery packs, while the two-stage circuit architecture
usually includes a single-phase or three-phase direct current to alternative current (DC /AC) converter
and a bi-directional direct current to direct current (DC /DC) power converter for matching with a
wider range of battery pack voltage speci cations, and enabling the realization of di  erent charging
and discharging strategies. In fact, various battery-based ESSs have been developed for a long time;
however, most BESSs reported in the literature are based on some speci ¢ operation and control
functions required by the system concerned and the system operating functions in this kind of BESS are
quite limited and cannot be universal leading a very high system cost, long payback period, and serious
lack of application exibility. To improve the above-mentioned shortcomings and to achieve an
advanced and versatile ESS, this paper proposes a SiC-based multifunctional PCS for the VRFB.

2. The VRFB System and the Proposed PCS Topology

The system architecture of a VRFB is shown in Figure 1. The two electrolytes, positive (V 4*/V5")
and negative (V2*/V3") electrolytes, in a VRFB are stored in di erent electrolyte storage tanks. During
charging or discharging, the two electrolytes are separated by an isolation membrane, but selected ions
are allowed to pass through the membrane forming a current path. The concentration and amount of
electrolyte determine the system capacity of VRFB, the design speci cations of electrodes determine
the rated power of VRFB, and the number of single cells in series in the battery stack determines
the maximum working voltage of VRFB. It is important to note that to achieve a cost-e  ective and
high-e ciency design, the number of cells in series cannot be too high. This has resulted in a preferable
lower system voltage. Considering this condition, a two-stage circuit topology is proposed for the VRFB
PCS in this paper. In operation, both the DC /AC power converter and the interleaved multi-channel
DC/DC converter are activated at the same time according to the due operating mode and system
conditions. The detailed circuit architecture of the VRFB PCS proposed in this paper is shown in
Figure 2, where the main function of the interleaved buck-boost converter, consisting of six SiC power
semiconductor switches and inductors Ly, is fast charging/discharging current command tracking. Ly is
usedto lter out ripple components in the current caused by the switching of the semiconductor switch.
As can be seen in Figure 2, the architecture consists of three parallel synchronous buck-boost converters,
where the output switching signal of each converter is 120 degrees apart from another, 0 setting each
other's ripples and reducing total output ripple. The left side of Figure 2 shows the grid-tied 3-phase
inverter, whose main functions are DC bus voltage regulation via active power balancing control and
system reactive power compensation via bi-directional reactive power tracking control. To provide a
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clear picture of the above-mentioned control functions, Figure 3 shows the possible active and reactive

power ows in the proposed VRFB PCS.
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Figure 2. VRFB power conditioning system (PCS) circuit topology.
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Figure 3. Possible active and reactive power ows in the proposed VRFB PCS.

3. Controller Design of VRFB PCS
The relevant system parameters and hardware speci cations of the proposed VRFB PCS are
shown in Table 1. Following in this section, the required mathematical model derivation and controller

design will be carried out according to the speci cations given in Table 1.
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Table 1. Speci cations of the proposed system.

Component Item Value
. Three-phase line voltage 220 Vrms, V|
Grid \oltage frequency 60 Hz
Rated power 5 kW
Number of channels 3
VRFB pack voltage 136-153.6 V (48 cells)
Interleaved Switching frequency 100 kHz
buck-boost converter Switching device SiC MOSFET
Filter inductor 383 H (20%)
Current sensing factor 0.05 VIA
Rated power 5 kVA
DC bus voltage 400V
Switching frequency 100 kHz
— Carrier voltage 5V
Grid-tie LPF 1st order (270 H)
inverter DC bus capacitor 600 /11620 F
DC voltage sensing factor 0.006 VIV
AC voltage sensing factor 0.0031 WV
Current sensing factor 0.05 VIA
Controller DSP TI TMS320F28335

3.1. Grid-Tie Inverter Modeling and Design of Controllers

To achieve a reliable control scheme, the grid-tie inverter adopts a dual-loop control architecture,
where the inner loop controls inductor currents, and the outer loop controls DC bus voltage and

AC-side reactive power. The overall control architecture is shown in Figure 4.
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Figure 4. Overall control architecture of grid-tie inverter (* indicates commands).
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3.1.1. Design of Inductor Current Controllers

The mathematical model of inverter's inductor current in synchronous reference frame can be
derived according to Figure 3:

2 g, 3 2 2 32 2 3
LgdIdt 1 0 075 Veond 1 0 07 Vg
diy 1 177V
5 Lot 0 g1 Veorr 00 9.0 @)
0 !Lg 0Flod
'Ly O O0®Hloq
0 0 0% lg0

In this paper, the Type Il controller is used to control the inductor currents. Using (1) and the

mathematical form of Type Il controller, dg-axis inner inductor current control loops can be obtained,
as shown in Figure 5.

G;
) .
Lo d‘ kstz
o Ss+p
iaid """"""""
G;
N
log _ilkstz
+ Ss+p
l.oiq ...........

(b)

Figure 5. Inner inductor current control loops (* indicates commands): ( a) d-axis; (b) g-axis.

The quanti cation design of the inner loop inductor current controller is as follows: choosing

the crossover frequency! ; = 41,888 rads; zero= 8377.5 rads and pole = 136,282.2 rads, yielding the
required Type Il controller as follows:

3.953 10°(s+ 8377.3

G9= —ev 1363 109 @

Figure 6 shows the Bode plot of inner inductor current control loop. The phase margin is 62
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Figure 6. Bode plot of inner inductor current control loop.

3.1.2. Design of the DC Bus Voltage Controller

Considering the steady-state operating point, the equivalent circuit of the DC bus voltage loop is

as shown in Figure 7.

Figure 7. Equivalent circuit of direct current (DC) bus voltage loop.

The mathematical model of DC bus voltage can be derived according to Figure 7:

Pdcﬂ ]dc io
-— -—

?Pgﬂig

Vbuf_ Cdc

Vbus — kdc kd — 15\/9_01
Io_q SQﬂc’ ¢ Vbus

®3)

In this paper, the Type Il controller is used to control the DC bus voltage, and thus outer DC bus
voltage control loop can be obtained, as shown in Figure 8.

Figure 8.
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Outer DC bus voltage control loop (* indicates commands).
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The quanti cation design of the DC bus voltage controller is as follows: choosing the crossover
frequency ! y = 5235.9877 rads; zero= 523.598 rads; pole = 68,141.144 rads, yielding the required

Type Il controller as follows:
1.071 10’(s+ 523.342%

s(s+ 6.814 10%)

Figure 9 shows the Bode plot of outer DC bus voltage control loop. The phase margin is 80 .

Gv(s) =

(4)

%RGHJUDBUDP

3 IR i !
© R 1 6\WVWHP *Y +Y l-=== +Y |
T Lo r 1 JUHTXHQFY UDG V 1] oy
10} T "7 ODJQLWXGH G% 1 T
< --;N‘:j‘u\\\\ [ 3KDVH SHJ Il *Y + Y
T g | I |
; "T’\’\T!‘Hm"M‘H‘E—*Eiiw-uwi——a——h\.ﬁug [
- RN Lo (RN L T ——
o haagl P01 LTIIN [ RN IR [ REN (R
g R e L7 ) it e b il RRRE [ REN [N
[a] | \\HHH."'Y"\--I..\.\HH [ R [ [N
© (R RN | \\H‘f!‘\f"n\..“\.\um Lot [N
b o = b = e T e e =
(RN [N (R Il L S A
[ R Lo [ R o F!-\-HJ.H.
Lol [ T Lol Lo (RN

S — —

R [N | i i g | LI (RN
2 o | \\HHH"\-*\\\HH\ L [N
T o RV R N IS [N
V) **T*Fﬂﬁm**TT}ﬂTm**FTT\Hm [ Y] [N
o I @? | 111 R [N RRIE N NN
I AL AR R [ ERTINEN 2 NS NN]
> O T 1 e Y Pt N S S Py e S R g £ £
[a)] o o | 8 [ REN [N
X o o R o [N
™ [ o R [N EN [N
[ A A R N A R R A N 1 I B A R (R RN [N
o | (NN R [ REN [N
o o R [ REN (RN
S S o o S Y ey S S Sy I N oL Ly

JUHTXHQWFDG VDG V
Figure 9. Bode plot of outer DC bus voltage control loop.

3.1.3. Design of Reactive Power Controller

The derivation of the AC-side reactive power controller in this paper takes the grid-side current
owing into the converter as positive:

In this case, the Type Il controller is used to control the reactive power, and thus outer reactive
power control loop can be obtained, as shown in Figure 10.
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Figure 10. Outer reactive power control loop (* indicates commands).

The quanti cation design of the reactive power controller is as follows: choosing the crossover
frequency ! q = 3490.6585 rads; zero= 1745.329 rads; pole = 6981.317 rads, yielding the required

Type Il controller as follows:
8359 s+ 1745.424)

s(s+ 6981

Figure 11 shows the Bode plot of outer reactive power control loop. The phase margin is 127 .

Gv(s) = (6)
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3.2. Interleaved Buck-Boost Converter Controllers

The interleaved buck-boost converter adopts a single-loop inductor current controller, and each
channelis individually controlled and usesadi  erent phase shift angle. The overall control architecture
is shown in Figure 12.
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Figure 12. Overall control architecture of interleaved buck-boost converter (* indicates commands).
Design of Inductor Current Controller

The proposed interleaved buck-boost converter is composed of multiple buck-boost converters,
and its operating principle is the same as that of a single buck-boost converter. Therefore, only the
controller design of a single buck-boost converter is illustrated. Taking leg A as an example,
the mathematical model of the inductor current is as follows:

di \Y/
Lblﬁbl = VeortKpwm Vb, Kpwm = i)us (7)
ri
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In this control case, the Type Il controller is again used to control the inductor current, and thus inductor
current control loop can be obtained, as shown in Figure 13.
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Figure 13. Buck-boost converter inductor current control loop (* indicates command).

According to Figure 13, the transfer function of inductor current loop is as follows:

Hi1(s) = Kpwm

1

s

(8)

The quanti cation design of the inductor current controller is as follows: choosing the crossover
frequency ! { = 39,270 rads; zero= 5167.1 rads; pole = 298,280 rads, yielding the required Type Il

controller as follows:
Gi(s) =

1.122 10°(s+ 5167.)

s(s+ 2.9828 10F)

(9)

Figure 14 shows the Bode plot of the designed inductor curren t control loop. The phase margin is

75 .
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Figure 14. Bode plot of buck-boost converter inductor current control loop.

4. Cases Simulation

4.1. Ramp-Up Procedure

To verify the correctness of the designed PCS controllers presented in the previous section,
a software model of the proposed VRFB PCS is developed with power simulation software as shown
in Figure 15. Two typical simulation cases, the ramp-up procedure and charging /discharging with
four-quadrant P-Q control of the grid-tie inverter, are carried out in this study. Figure 16 shows the
result of simulating ramp-up procedure of the system. This is to verify that the designed PCS can
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securely establish the required DC bus voltage of 400 V. As can be seen in Figure 16, after the grid-tie
converter con rms the status of synchronization with the grid, the circuit starts to charge the DC bus
capacitor slowly, and the rated DC bus voltage of PCS is boosted from 360 V and nally controlled at
the target value of 400 V to complete the preparation of the system for various functional operations.

¢/’ Grid-tied 3-

O Ly, 4

UL @ e it
1Pz N
O Gy, D
i

{i , ixiiii
el )i ELETTY

EBYA A X
=i AT Oseeas

g IXITIT

A [ i LSV
N e s .- -
A EE ... -

vy : Pz s
1 voiBxCEE a0
vw%ﬂ":’ -m o
lvss 5 V9IBY y i

Vol &3

1
T o

|
I

|

I

r. )
I."‘ g K
|

|

I

s

Figure 15. The power simulation software model of the proposed VRFB PCS.
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Figure 18. Waveforms of (@) interleaved buck-boost converter: DC bus voltage (top), interleaved inductor
currents (mid ), battery current (bottom ) and (b) grid-tied inverter: DC bus voltage ( top), grid three-phase
voltages and a-phase current (mid ), grid a-phase voltage and three-phase currents (bottom ).
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Figure 19. The detailed view of Figure 18b: (a) near t1; (b) near t2.
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Figure 20. The detailed view of Figure 18b: (a) near t5; (b) near t6.
|E'B BF ‘ ‘4

ks BF

—l—l—l_l'— o
W/

s 3F

W W W W W W W w W W W W W v
7LPH V JLPN
(@ (b)

Figure 21. Waveforms of control commands and feedbacks: (a) three interleaved inductor currents;
(b) reactive power (top), DC bus voltage (bottom).
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Figure 24. Waveforms of DC bus voltage (top), grid three-phase voltages and a-phase current (mid ),
grid a-phase voltage and three-phase currents (bottom).
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Figure 25. The detailed view of Figure 23: (a) near t1; (b) near t2.
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Figure 26. The detailed view of Figure 23: (a) near t5; (b) near t6.
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Figure 27. Waveforms of control commands and feedbacks: (a) three interleaved inductor currents;
(b) reactive power (top), DC bus voltage (bottom ).
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TLP N
Figure 28. Waveforms of control commands and feedbacks: qd-axis inductor currents.
5. Hardware Implementation and Test Results

To further verify the performance of the proposed VRFB PCS, a 5 kVA hardware experimental
platform using SiC MOSFET is built according to the system speci cations listed in Table 1 and the
operating scenarios of the test cases are identical to that used in the simulated cases presented in
the previous section. Figure 29 shows a photo of the constructed SiC-based VRFB PCS hardware
system and the experimental platform, including (1) auxiliary power, (2) oscilloscope, (3) SiC-based
grid-tie three-phase inverter, (4) SiC-based interleaved DC-DC buck-boost converter, (5) current probe,
and (6) voltage probes. Figure 30 shows the test result of ramp-up procedure of the PCS hardware
system. Figures 31-34 show a set of experimental results of the proposed PCS operating in the 1st
and 3rd quadrants. As can be seen in Figures 31-34, the measured waveforms are very close to those
obtained from simulation studies presented in the previous section. This has veri ed the feasibility
and e ectiveness of the proposed control schemes.

Figure 29. Photo of the constructed VRFB PCS hardware and the experimental platform.
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Figure 30. Waveforms of DC bus voltage (V p,s), phase-a grid voltage (Vq_a) and a-phase grid current (i g_a).

(@ (b)

Figure 31. Waveforms of (a) interleaved buck-boost converter: DC bus voltage, interleaved inductor
currents, and battery current, (b) DC bus voltage and the grid phase-a voltage and current.

@) (b)

(©) (d)

Figure 32. Detailed view of Figure 31b: (a) near t1; (b) near t2; (c) near t5; (d) near t6.
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Figure 33. Waveforms of grid phase-a voltage and three-phase currents.

(@ (b)

(0 (d)
Figure 34. Detailed view of Figure 33: (@) near t1; (b) near t2; (c) near t5; (d) near t6.

To fully verify the performance of the proposed SiC-based hardware system and control scheme,
Figure 35 show a second set of experimental results, in which the proposed PCS is operating in the 2nd
and 4th quadrants. As can be seen in Figures 35—-37, satisfactory performances of the proposed PCS
grid-tied inverter and the interleaved buck-boost converter are achieved.

(@ (b)

Figure 35. Waveforms of (a) DC bus and grid phase-a voltage and current; (b) three-phase currents.
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(@ (b)

(c) (d)

Figure 36. Detailed view of Figure 35a: (a) near t1; (b) near t2; (c) near t5; (d) near t6.

(@ (b)
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Figure 37. Detailed view of Figure 35h: (a) near t1; (b) near t2; (c) near t5; (d) near t6.

The e ciency test results of the proposed 5 kVA, SiC-based PCS's grid-connected three-phase
inverter and the 5 kW, 3-channel interleaved buck-boost converter are shown in Figure 38a,b respectively.
The highest e ciency of the grid-tied three-phase inverter and 3-channel interleaved buck-boost
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converter system is measured as 94.1% at 80% system rated power and 96.3% at 60% system rated

power, respectively.
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Figure 38. The e ciency analysis of the PCS: @) grid-tied inverter, ( b) interleaved buck-boost converter.
6. Conclusions

It has been well accepted that the economic bene ts of distributed power generation and
micro-grids are multifaceted. For power users, the economic bene ts liein e  cient use of energy,
environmental protection, and reliable customized electrical energy services, while optimizing resource
allocation and providing highly e  cient energy management with operational exibility are the main
factors for achieving the economic bene ts of micro-grids. However, with the addition of renewable
power generations and various types of micro-grids in the power systems the complexity in system
control and operation is signi cantly increased and certain compensating devices, e.g., ESSs integrated
with advanced PCSs are urgently needed to be proposed and veri ed for feasibility. In this regard,
this paper has proposed a SiC-based multifunctional PCS for the VRFB. In this study, it has been found
that SiC switching devices with their excellent thermal and voltage capability can meet the requirement
of a cost-e ective design of grid-tied inverter system, in which the pulse width modulation technique
can be used to reduce the hardware cost of PCS while improving system reliability. In this paper,
the consideration of circuit topology and the detailed design steps of related controllers of the proposed
SiC-based VRFB PCS have been fully addressed. The highest e ciency of the constructed SiC-based
grid-tied three-phase inverter and 3-channel interleaved buck-boost converter system is measured to
be 94.1% and 96.3% respectively. With the proposed PCS control schemes, four-quadrant control of
active and reactive power and fast charging and discharging control of the VRFB have been achieved.
Both simulation studies and experimental tests on a 5 kVA hardware prototype have veri ed the
feasibility and overall performance of the proposed SiC-based VEFB PCS. It is worth noting that with
the decoupled active and reactive power control capability and fast current command tracking feature
the proposed VRFB PCS is expected to perform multiple system compensating functions, e.g., real-time
support for renewable power generation, voltage and frequency support for micro-grids, and power
quality improvement for power distribution systems.

Author Contributions:  The corresponding author, C.-T.M. conducted the research work, proposed the VRFB PCS
concept and design methods, veri ed the results, wrote the manuscript draft and polished the nal manuscript.
Y.-H.T. a postgraduate student in the department of EE, CEECS, National United University, Taiwan assisted
hardware tests and organized results. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by MOST, Taiwan, with the grant number, MOST 109-3116-F-006-020-CC1.

Acknowledgments: The author would like to thank the Ministry of Science and Technology (MOST) of Taiwan
for nancially support the energy-related research regarding key technologies in micro-grids and the design of
advanced power and energy systems.

Conicts of Interest:  The authors declare no con ict of interest.

113



Micromachine202Q 11, 1099

References

1. Energy Information Administration. International Energy Outlook 2039 ce of Energy Analysis: Washington,
DC, USA, 2019.

2. She, X.; Wang, F.; Burgos, R.; Huang, A.Q. Solid state transformer interfaced wind energy system
with integrated active power transfer, reactive power compensation and voltage conversion functions.
In Proceedings of the IEEE Energy Conversion Congress and Exposition (ECCE) 2012, Raleigh, NC, USA,
15-20 September 2012; pp. 3140-3147.

3. Herrera, R.S.; Salmeron, P. Instantaneous Reactive Power Theory: A Reference in the Nonlinear Loads
Compensation. |IEEE Trans. Ind. Electron2009 56, 2015-2022. [CrossRef]

4. Sheng, H.; Chen, Z.; Wang, F.; Millner, A. Investigation of 1.2 kV SiC MOSFET for high frequency high power
applications. In Proceedings of the Twenty-Fifth Annual IEEE Applied Power Electronics Conference and
Exposition (APEC), Palm Springs, CA, USA, 21-25 February 2010; pp. 1572-1577.

5. Jones, E.A.; Wang, F.F.; Costinett, D. Review of Commercial GaN Power Devices and GaN-Based Converter
Design Challenges. IEEE J. Emerg. Sel. Top. Power Electr@016 4, 707-719. [CrossRef]

6. Figueiredo, J.P.M.; Tofoli, F.L.; Silva, B.L.A. A review of single-phase PFC topologies based on the
boost converter. In Proceedings of the 2010 9th IEEEIAS International Conference on Industry
Applications-INDUSCON 2010, Sao Paulo, Brazil, 8—=10 November 2010; pp. 1-6.

7. Bellar, M.D.; Wu, T.S.; Tchamdjou, A.; Mahdavi, J.; Ehsani, M. A review of soft-switched DC-AC converters.
IEEE Trans. Ind. Appl.1998 34, 847-860. [CrossRef]

8. Mohammad Noor, S.Z.; Omar, A.M.; Mahzan, N.N.; Ibrahim, I.R. A review of single-phase single stage
inverter topologies for photovoltaic system. In Proceedings of the IEEE 4th Control and System Graduate
Research Colloquium 2013, Shah Alam, Malaysia, 19-20 August 2013; pp. 69-74.

9. Aryal, A; Hellany, A.; Nagrial, M.; Rizk, J. A Critical Review of Single Phase Inverter Grid Synchronization
Topologies. In Proceedings of the 2016 International Conference on Power, Energy Engineering and
Management (PEEM 2016), Bangkok, Thailand, 24-25 January 2016.

10. Mechouma, R.; Azoui, B.; Chaabane, M. Three-phase grid connected inverter for photovoltaic systems,
a review. In Proceedings of the 2012 First International Conference on Renewable Energies and Vehicular
Technology, Hammamet, Tunisia, 26—28 March 2012; pp. 37-42.

11. Lee, H.; Smet, V.; Tummala, R. A Review of SiC Power Module Packaging Technologies: Challenges,
Advances, and Emerging Issues. IEEE J. Emerg. Sel. Top. Power Electr@02Q 8, 239-255. [CrossRef]

12. Spaziani, L.; Lu, L. Silicon, GaN and SiC: There's room for all: An application space overview of device
considerations. In Proceedings of the IEEE 30th International Symposium on Power Semiconductor Devices
and ICs (ISPSD) 2018, Chicago, IL, USA, 13-17 May 2018; pp. 8-11.

13. Viswan, V. A review of silicon carbide and gallium nitride power semiconductor devices. Int. J. Res. Eng. Sci.
Manag. 2018 1, 224-225.

14. Ma, C.-T.; Gu, Z.-H. Review of GaN HEMT Applications in Power Converters over 500 W. Electronics2019 8,
1401. [CrossRef]

15. Ma, C.-T.; Gu, Z.-H. Design and Implementation of a GaN-Based Three-Phase Active Power Filter.
Micromachine202Q 11, 134. [CrossRef] [PubMed]

16. Eghtedarpour, N.; Farjah, E. Distributed charge/discharge control of energy storages in a
renewable-energy-based DC micro-grid. IET Renew. Power Gene2014 8, 45-57. [CrossRef]

17. Zhang, K.; Mao, C.; Xie, J.; Lu, J.; Wang, D.; Zeng, J.; Chen, X.; Zhang, J. Determination of characteristic
parameters of battery energy storage system for wind farm. IET Renew. Power Gener2014 8, 22—-32.
[CrossRef]

18. Sarkar, A.; Bhattacharjee, H.; Samanta, K.; Bhattacharya, K.; Saha, H. Optimal design and implementation
of solar PV-wind-biogas-VRFB storage integrated smart hybrid microgrid for ensuring zero loss of power
supply probability. Energy Convers. Manag2019 191, 102—-118. [CrossRef]

19. Ma, C.-T. A Novel State of Charge Estimating Scheme Based on an Air-Gap Fiber Interferometer Sensor for
the Vanadium Redox Flow Battery. Energies202Q 13, 291. [CrossRef]

114



Micromachine202Q 11, 1099

20.

21.

22.

23.

24.

25.

26.

27.

Drobnic, K.; Grandi, G.; Hammami, M.; Mandrioli, R.; Viatkin, A.; Vujacic, M. A Ripple-Free DC Output
Current Fast Charger for Electric Vehicles Based on Grid-Tied Modular Three-Phase Interleaved Converters.
In Proceedings of the 2018 International Symposium on Industrial Electronics (INDEL), Banja Luka, Bosnia
and Herzegovina, 1-3 November 2018.

Veneri, O.; Capasso, C.; lannuzzi, D. Experimental evaluation of DC charging architecture for fully-electri ed
low-power two-wheeler. Appl. Energy2016 162, 1428-1438. [CrossRef]

Kim, B.; Kim, H.; Choi, S. Three-Phase On-board Charger with Three Modules of Single-stage Interleaved
Soft-switching AC-DC Converter. In Proceedings of the 2018 IEEE Applied Power Electronics Conference
and Exposition (APEC), San Antonio, TX, USA, 4-8 March 2018.

Monteiro, V.; Exposto, B.; Pinto, J.G.; Seplveda, M.J.; Mel2ndez, A.A.N.; Yue, M. Three-Phase Three-Level
Current-Source Converter for EVs Fast Battery Charging Systems. In Proceedings of the 2015 IEEE
International Conference on Industrial Technology (ICIT), Seville, Spain, 17-19 March 2015.

Monteiro, V.; Ferreira, J.C.; Mel2ndez, A.A.N.; Couto, C.; Afonso, J.L. Experimental Validation of a Novel
Architecture Based on a Dual-Stage Converter for O -Board Fast Battery Chargers of Electric Vehicles.
IEEE Trans. Veh. Techna2018 67, 1000-1011. [CrossRef]

Mortezaei, A.; Abdul-Hak, M.; Simoes, M.G. A Bidirectional NPC-based Level 3 EV Charging System with
Added Active Filter Functionality in Smart Grid Applications. In Proceedings of the 2018 IEEE Transportation
Electri cation Conference and Expo (ITEC), Long Beach, CA, USA, 13-15 June 2018.

Kamble, A.S.; Swami, P.S. On-Board Integreted Charger for Electric Vehicle Based on Split Three Phase
Insuction Motor. In Proceedings of the 2018 International Conference on Emerging Trends and Innovations
In Engineering And Technological Research (ICETIETR), Ernakulam, India, 11-13 July 2018.

Yong, J.Y.; Fazeli, S.M.; Ramachandaramurthy, V.K.; Tan, K.M. Design and development of a three-phase
0 -board electric vehicle charger prototype for power grid voltage regulation. Energy2017, 133 128-141.
[CrossRef]

Publisher's Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional

a

liations.

© 2020 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 (http://creativecommons.org/licensedby/4.00).

115






117



Micromachine021, 12, 65

Figure 1. Comparison of Si, gallium nitride (GaN), and silicon carbide (SiC).

The GaN HEMT is designed with a unique aluminum gallium nitride (AlGaN)/GaN
heterojunction structure where two-dimensional electron gas (2DEG) is formed. The 2DEG
allows large bidirectional current and yields extremely low on resistance. GaN HEMTs are
currently divided into three types: depletion mode (D-mode), enhancement mode (  E-mode),
and cascode devices. The D-mode GaN HEMT, as shown in Figure 2, is naturally on be-
cause of the 2DEG and can be turned off with negative gate-source voltage. The E-mode
GaN HEMT, as shown in Figure 3, is normally off because the 2DEG has been depleted by
an additional P-doped layer of GaN or AlGaN on the gate, and it can be turned on with
appropriate gate-source voltage. The cascode GaN HEMT, as shown in Figure 4, is also
normally off because it consists of a D-mode GaN HEMT and an additional high-speed
low-voltage Si MOSFET, and it can be turned on with appropriate gate-source voltage ap-
plied on the Si MOSFET. E-mode and cascode GaN HEMTSs possess different characteristics
mainly because of the additional Si MOSFET in the cascode device: the E-mode device
offers lower on resistance, higher operating temperature, and no body diode, while the
cascode device offers less strict driving requirements, as shown in Table 1 [4-7].

Figure 2. D-mode GaN high electron mobility transistors (HEMT).

Figure 3. E-mode GaN HEMT.
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Figure 4. Cascode GaN HEMT.

Table 1. General comparison of normally off GaN high electron mobility transistors (HEMTS).

Device Driving Voltage Threshold  Driving Voltage Range  Operating Temperature  On Resistance  Body Diode

E-mode 2V 10V~7V Higher Lower X
Cascode ~4V 20V Lower Higher (0]

The SiC MOSFET has a similar structure to that of Si MOSFET, as shown in Figure 5,
but the thickness can be made an order smaller because of SiC's higher voltage capability.
This leads to much smaller on resistance (although not as small as that of the GaN HEMT).
Additionally, the SIiC MOSFET offers the highest power capability. The operation of the
SiC MOSFET is the same as that of the Si MOSFET: with appropriate gate-source voltage,
the device can be turned on, and the body diode is used for reverse conduction during
off state [8,9]. A general comparison of Si MOSFET, normally off GaN HEMTS, and SiC

MOSFET is shown in Table 2.

Table 2. General comparison of Si metal-oxide-semiconductor eld-effect transistors (MOSFET), normally off GaN HEMTS,
and SiC MOSFET.

Device Dnvmg Voltage Power Rating Switching On Resistance Operating Body Diode
Strictness Speed Temperature
Si MOSFET 4th 2nd 4th 4th 3rd (0]
E-GaN Highest 3rd Fastest Lowest 2nd X
Cascode-GaN 2nd 4th 2nd 2nd 3rd (0]
SiC MOSFET 3rd Highest 3rd 3rd Highest (@)
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Figure 5. Schematic diagrams of a SiC MOSFET, §) basic structure, (b) the gate-source voltage and current path in on-state,
(c) the gate-source voltage and current path in off-state.

In recent years, because of the high slew rate of the WBG semiconductor switching de-
vices, the philosophy of replacing conventional Si devices with WBG devices is an ongoing
research trend. This paper aims to review issues concerning the driving technologies of
WBG semiconductor switching devices. First, a general introduction of the GaN HEMT
and the SiC MOSFET is given in the rst section. In the second section, a survey of com-
mercial GaN HEMTs above 600 V and SiC MOSFETs between 600 and 1200 V is presented.
In the third section, the challenges and solutions of driving GaN HEMTs and SiC MOSFETs
are addressed. A survey of commercial drivers designed for WBG switching devices is
then provided in the fourth section. The fth and sixth sections cover the literature review
on driving circuits for GaN HEMTs and SiC MOSFETS, respectively. Lastly, this paper is
concluded in the seventh section.

2. Commercial Wide-Bandgap (WBG) Switching Devices
2.1. Discrete Commercial GaN High Electron Mobility Transistors (HEMTSs)

According to two famous electronic device providers, Digi-Key [ 10] and Mouser [ 11],
GaN HEMT products can be purchased from several manufacturers, including EPC
(15~200 V) [12], Infineon Technologies (400 and 600 V) [L3], GaN Systems (100 and 650 V) 4],
Panasonic (600 and 650 V) 15], Nexperia (650 V) [16], and Transphorm (650 and 900 V) [17].
Currently, the two highest voltage ratings of commercial GaN HEMTs are 900 and 650V,
respectively. The 900 V GaN HEMTs are produced by Transphorm, and 650 V GaN HEMTs
are produced by GaN Systems, Panasonic, Nexperia (formerly Standard Products business
unit of NXP Semiconductors), and Transphorm. Table 3 presents the device speci cations
of commercial GaN HEMTs above 600 V, where MFR stands for manufacturer, V4sdenotes
drain-source voltage, l4s denotes drain-source current, Vy denotes threshold voltage,
Vgs denotes gate-source voltage,Rgson)denotes on resistance, andCiss denotes input ca-
pacitance. Some speci cations of the latest large-current devices from GaN Systems are
not published. The maximum Vgsvalues of the products from In neon Technologies and
Panasonic are not speci ed because these devices are current-controlled, which offers good
robustness but leads to higher gate losses.
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Table 3. Commercial GaN HEMTs above 600 V.

Manufacturer Type V gs (V) lgs (A) Vu (V) Vs (V) R ds(on) (MW) Ciss (PF)
10 140 157
. 12.5
In neon Technologies 600 T 1.2 10~5
55 380
31
3.5 1.4 500 30
7.5 1.3 200 65
8 1.4 225 52
11 1. 1 74
E-mode 15 : o 105(? 130
GaN Systems 650 N 13
22 67 195
30 1.7 50 260
60 1.3 25 520
80 i i 18 )
150 10
15 140 160
. 600 R
Panasonic 31 3.5 10~5 56 405
650 9.4 270 80
) 345 50 1000
Nexperia 650 _— 3.9 20
47.2 35 1500
6.5 4 18 240 760
15 20 576
150 -
16 21 18 720
20 130 760
25 4 20 600
72 e —
Cascode 650 28 2.6 18 1130
Transphorm
50
34
60 1000
36 4 20 50
465 35 1500
47
900 15 2.1 18 205 780
34 3.9 20 50 980

2.2. Discrete Commercial SiC Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETS)

Since SiC MOSFETs have been developed for a longer time, there is a much larger vari-
ety of companies that produce SiC MOSFETs: ON Semiconductor (900 and 1200 V) 1§], Lit-
telfuse (600~1700 V) [L9], In neon Technologies (650~1700 V) [13], Cree (650~1700 V)20],
Rohm Semiconductor (650~1700 V) P1], STMicroelectronics (650~1700 V) 2], United Sili-
con Carbide (650~1700 V) R3], Microchip (700~1700 V) [24], and GeneSiC Semiconductor
(1200~3300 V) p5. Tables 4-12 present the device speci cations of commercial SiC MOS-
FETs with voltages ratings between 600 and 1200 V. When comparing the listed commercial
devices, we can see that itis common for SiC MOSFETSs to possess much higher current capa-
bilities than those of GaN HEMTSs, which makes SiC devices more suitable for high-power
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applications such as high-speed railway, power transmission, industrial drives, smart grid,
and wind power generation. On the other hand, GaN devices offer smaller on resistances
and input capacitances, which indicates that GaN devices have the potential to yield lower
conduction losses and faster switching with such ratings. Therefore, GaN HEMTs are
currently applied to improve the ef ciencies of mid-voltage and mid-power applications
such as switching power supply, solar PV, AC/DC adapter, medical equipment, electric
vehicle (EV), and uninterruptible power supply. Figure 6 shows the application elds of Si,
SiC, and GaN switching devices [13].

Table 4. Commercial 600~1200 V SiC MOSFETs by On Semiconductor.

Vs (V) lds (A) Vu (V) Vgs (V) R ds(on) (MW) Ciss (PF)
44 10~19 1800
2.7 o 60 _
46 10~20 1770
900 112 2.6
i 10~19 20 4415
118 2.7
17
— e 3 665
17.3 160
19.5 3 678
29 2.75 1112
30 3 80 1154
1200 31 2.7 15~25 1112
58 3 1762
3 40 1789
60 e _—
2.97 1781
98
2943
102 2.7 20
103 2890

Table 5. Commercial 600~1200 V SiC MOSFETSs by Littelfuse.

Vs (V) lgs (A) Vru (V) Vs (V) Rds(on) (MW) Ciss (PF)
600 15 3 20 150 2000
22 160 870
27 2.8 120 1125
39 80 1825
40 e —
48 2.8 1895
68
2.6 25 2790
90
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Table 6. Commercial 600~1200 V SiC MOSFETSs by In neon Technologies.

Vs (V) lgs (A) Vi (V) Vs (V) R ds(on) (MW) Ciss (PF)
20 107 496
26
72 744
28
650 5~23
39 48 1118
47
27 2131
59
4.5
4.7 350 182
13 220 289
19 7~23 140 454
1200 26 90 707
36 60 1060
7~20 2130
52 45
10~20 1900
56 4.5 7~23 30 2120
Table 7. Commercial600~1200 V SiC MOSFETs by Cree.
Vs (V) lds (A) Vu (V) Vgs (V) R ds(on) (MW) Ciss (PF)
36
60 1020
650 37 2.3 8~19
120 15 5011
115 8~18 280 150
22 8~19
120 350
23 8~18
2.1
900 760
35 8~19
65 660
36 8~18 760
63 2.4 8~19 30 1747
22 120 350
1000 21 8~19
35 65 660
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Table 7. Cont.
Vs (V) lgs (A) Vi (V) Vs (V) R ds(on) (MW) Ciss (PF)
7.2
2.5 8~19 350 345
7.6
10 2.6 10~25 280 259
17 2.8 8~19 632
160 _—
18 2.9 10~25 606
1350
1200 30 2.5 8~19 75
1390
36 2.9 1025 80 1130
60 2.6 40 1893
63 2.5 8~19 32 3357
90 2.6 10~25 25 2788
100 21 4818
_— 2.5 8~19
115 16 6085

Table 8. Commercial 600~1200 V SiC MOSFETs by Rohm Semiconductor.

Vs (V) lgs (A) Vi (V) Vgs (V) R s(on) (MW) Ciss (PF)

21 2.7 4~26 120 460
29 2.8 10~26 120 1200
30 80 571

650 39 60 852
70 2.7 4~26 30 1526
93 22 2208
118 17 2884

Table 9. Commercial 600~1200 V SiC MOSFETs by STMicroelectronics.

Vs (V) lgs (A) Vu (V) Vs (V) R ds(ony (MW) Ciss (PF)

45

45 3.2 55 1370
' 75

650 90 10-22 18 3300

95

100 3.1 20 3315
116 15

- 3.2 _ 3380
119 18
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Table 9. Cont.
Vs (V) lgs (A) Vi (V) Vs (V) R ds(on) (MW) Ciss (PF)
290
12 520
35 10~25 300
20 189 650
33 3.2 10~22 75 1230
1200 45 3.5 10~25 90 1700
52 3.1 10~22 45 2086
65 3 10~25 59 1900
75 3.1 30 3400
10~22
91 3.45 21 3540
Table 10. Commercial 600~1200 V SiC MOSFETs by United Silicon Carbide.
Vs (V) lds (A) Vru (V) Vs (V) R ds(on) (MW) Ciss (PF)
34
18
45
80
25
111
650 31 5 25 80 1500
41
42
54
65
27
85
120 4.7 20 6.7 8360
7.6 4.7 410 740
18.4 4.4 150 738
33 25 80
1200 34.5 5 70 1500
65 35
107 16 7824
_— 4.7 20
120 8.6 8512
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Table 11. Commercial 600~1200 V SiC MOSFETs by Microchip.

Vs (V) lds (A) Vu (V) Vs (V) R ds(on) (MW) Ciss (PF)
25 90
785
28 86
a7 2.4
1175
700
65
2.7 35 2010
77
126 2.4 - 15 4500
140 10~25
35
10~23 80 838
37 2.8
53 10~-25 40 1990
64 26 10~23 40 1990
1200 66 27
77 10~25
2.8 25 3020
89 10~23
103
Table 12. Commercial 600~1200 V SiC MOSFETs by GeneSiC.
Vs (V) lgs (A) Vu (V) Vs (V) R ds(ony (MW) Ciss (PF)
8 350 225
16 160 493
32
75 1053
33
59
74
30 2633
78
95
20 3949
107

Figure 6. Applications elds of Si, SiC, and GaN switching devices [13].
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2.3. Modular WBG Switching Devices

Some commercial switching modules based on GaN HEMTSs can also be found from
EPC [12], as numerated in Table 13, where HB stands for half bridge. EPC produces up to 3
kW modules. Consequently, these products are not yet matured for high-power applica-
tions.

Table 13. Commercial GaN HEMT modules by EPC.

Con guration Voltage Rating (V) Current Rating (A)
10/40
30
16
10/40
60 30
HB
10/40
80
30
1.7
100
30
60
HB + bootstrap 1.7/0.5
100
Dual common source 120 3.4

Unlike GaN modules, there are several manufacturers with commercial SiC modules
available for purchase: In neon Technologies [ 13], Cree [20], Rohm Semiconductor [21],
Microchip [ 24], Powerex [26], and SemiQ [27], as listed in Tables 14-19, where FB stands
for full bridge. As can be imagined, the voltage and current ratings of SiC modules
easily exceed those of GaN modules. Among SiC modules manufactured by the above-
mentioned companies, HB is the most common con guration. Particularly, the con gu-
ration of DF23MR12W1M1P_B11, DF23MR12W1M1_B11, DF11MR12W1M1P_B11, and
DF11MR12W1M1 B11 by In neon Technologies is presented in Figure 7. The suitable
applications of them are speci ed as solar applications.

Table 14. Commercial SiC MOSFET modules by In neon Technologies.

Con guration Voltage Rating (V) Current Rating (A)
25
50
100
HB 150
200
250
1200 375
500
FB 50
HB (3-arm) 25
25
Figure 7 5
Vienna recti er 75
phase leg 100
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Table 15. Commercial SiC MOSFET modules by Cree.

Con guration Voltage Rating (V) Current Rating (A)

20

50

120

225

HB 300

1200 395

400

425

450

20

Three-phase
50

Table 16. Commercial SiC MOSFET modules by Rohm Semiconductor.

Con guration Voltage Rating (V) Current Rating (A)

80

134

180

204

HB 250

300

358
1200

397

576

134

180

Chopper 204

300

358

576
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Table 17. Commercial SiC MOSFET modules by Microchip.

Con guration Voltage Rating (V) Current Rating (A)

124

700 241

353

55

89

173

HB 254

1200 337

495

733

805

947

50

1700 100

280

700 98

55

FB
1200 89

173

98

700 189

278

HB (3-arm)
89

1200 171

251

700 98

55

Chopper 89

1200 173

254

124

Vienna recti er phase leg 700
238

Table 18. Commercial SiC MOSFET modules by Powerex.

Con guration Voltage Rating (V) Current Rating (A)
Split dual SiC MOSFET 1200 100
Dual MOSFET 1700 540
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Table 19. Commercial SiC MOSFET modules by SemiQ.

Con guration Voltage Rating (V) Current Rating (A)
160
200
HB 240
320
1200

40

HB (2-arm)
80
FB 20
HB (3-arm) 20

Figure 7. Con gurations of In neon Technologies SiC switching modules DF23MR12W1M1P_B11,
DF23MR12W1M1_B11, DF11MR12W1M1P_B11, and DF11MR12W1M1_B11 [13].

3. Considerations for the Design of Driving Circuits for WBG Switching Devices

It has been well accepted that the key factor of realizing WBG switching devices' full
potential is their driving circuits. The main difference in the driving characteristics of
WBG and Si switching devices is due to WBG devices' much faster transient. The fast
switching and high switching frequency require shorter driver rise and fall times and
propagation delay. Additionally, the slew rate of the WBG devices can reach up to 100 times
that of conventional Si devices, which can severely worsen EMI-related problems such as
gate ringing and measurement. In order to deal with the fast transient, the driving circuit
design and printed circuit board (PCB) layout must be optimized [28,29].

In general, the fundamental rules of driving high-power GaN HEMTs and SiC MOS-
FETs are to apply high drive strength, provide enough isolation between driving and
power circuits, prevent voltage oscillation, limit gate voltage spikes, and optimize dead
time. Isolation can be provided by various types of isolators or isolated drivers suitable
for WBG switching devices. In general, it is also possible to use high-speed MOSFET
and IGBT drivers (similar to Figure 8) to drive WBG devices, but the complexity of the
driving circuits and cost may be increased. However, another special characteristic of WBG
switching devices is that they do not always use symmetrical driving voltages (suchas 18
and 20V), so there is often a need for asymmetric driving voltage design. Next, it is rec-
ommended to minimize the parasitic inductance and capacitance by minimizing the length
of the driving loop and the overlapping between circuits and using devices with short or
no wire bond [ 30-32]. In particular, GaN HEMTs (especially E-mode) have faster transients
and more narrow driving voltage ranges, and SiC MOSFETs have higher power ratings.
Consequently, the EMI issues are more dominant when driving GaN HEMTSs, and higher
driving strength is required when driving high-power SiC MOSFETSs.

130



Micromachine021, 12, 65

Figure 8. Conventional totem-pole gate driver.

For the turn-on period, the sum of external resistance and driver's output resistance
should be designed to be much larger than the internal resistance of the power switching
device in order to reduce the in uence of internal resistance on the switching speed and
damp voltage overshoot. If there is a need to damp gate ringing of certain frequencies,
ferrite beads can be used as gate impedance as well. However, a low-impedance turn-off
path is also required to ensure fast turn-offs and thus prevent shoot-through. As a result,
it is usually recommended to design separate turn-on and turn-off paths, where drivers
with separate high and low outputs can provide more exibility, as shown in Figure 9.
Moreover, active Miller clamps can be used to directly limit gate-source voltage range;
negative turn-off voltage can increase the turn-off speed even more; and Kelvin source
connection can separate the driving loop and power loop, so that the in uence of par-
asitic inductance on the driving loop can be minimized, as shown in Figure 10 [ 31-33].
Particularly, active gate drive can be used to control the slew rate directly [34,35].

Figure 9. Gate driver with separate high and low outputs [31].

Figure 10. Driving loop with active Miller clamp, Kelvin source connection, and negative turn-off
voltage [31].

4. Commercial Drivers for WBG Switching Devices
4.1. GaN HEMT Drivers

According to Digi-Key [ 10] and Mouser [ 11], commercial GaN HEMT drivers are cur-
rently available from several companies: In neon Technologies[ 13], On Semiconductor [21],
Maxim Integrated [ 36], pSemi [37], Silicon Laboratories [38], and Texas Instruments [39)],
as given in Tables 20-25. It is desirable to use drivers integrated with multiple functions
such as digital control and signal detection in order to reduce the number of external
devices required. Some companies also produce GaN power modules that integrate GaN
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HEMTSs with designed drivers: EPC [ 12], Texas Instruments [39], and Navitas Semiconduc-

tor [40], as presented in Tables 26-28.

Table 20. Commercial GaN HEMT drivers by In neon Technologies.

Num. of Peak Source Peak Sink Supply . ) i
Channels Current (A) Current (A) Voltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1 4 8 41
1 2 3~20 6.5 45
2 37
4 8
Table 21. Commercial GaN HEMT driver by On Semiconductor.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) Voltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
2 1 1.3 9~17 1 1 25
Table 22. Commercial GaN HEMT drivers by Maxim Integrated.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) \oltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
3 7 4~14 4~37 4~18 8
1 2.85 3~36 25 35
4 3.6
5.7 16~36 1.8 53
Table 23. Commercial GaN HEMT drivers by pSemi.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) \oltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
4~6.5 1 1 11
2 2 4
4~6 0.9 0.9 9.1
Table 24. Commercial GaN HEMT drivers by Silicon Laboratories.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) \oltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
0.3 0.5
6.5~24 20 20 60
1 15 25
2.8 34 2.8~30 55 8.5 40
0.25 0.5 3~30 20 20 30
0.4 0.6 6.5~30 55 8.5 40
2 18 2.5~30 10.5 13.3 45
4 2.5~24
2 _— 12 12 30
3~30
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Table 25. Commercial GaN HEMT drivers by Texas Instruments.

Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) Voltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1.3 7.6 4~12.6 12 3 12
9 7 13
4 4.5~18
8 7 17
4 4~18 9 4 14
1 6
3~18 5 6 27
8 4.5~18 9 7 13
5 3~33 10 10 65
5 0.4 0.4 25
7 4.75~5.25
0.65 0.85 2.9
30
1.2 5 4.5~5.5 7 35
35
25 3~18 8 9 28
15
3 3.8~18 0.5 0.5 10
2 25
3~18 5 6 28
4 6
8
3~25 6 19
7
7 6 13
5 5 45~18
6 17
Table 26. Commercial switch-driver-integrated module by EPC.
Con guration \oltage Rating (V) Current Rating (A) Supply Voltage (V)
HB 70 12.5 11~13
Table 27. Commercial switch-driver-integrated module by Texas Instruments.
Con guration \oltage Rating (V) Current Rating (A) Supply Voltage (V)
17 9.5~18
Single switch 600 40 9.5~18
34 9.5~18
HB 80 10 4.57~5.25
Table 28. Commercial switch-driver-integrated module by Navitas Semiconductor.
Con guration \oltage Rating (V) Current Rating (A) Supply Voltage (V)
5
Single switch 650 8 5.5~24
12

4.2. SiC MOSFET Drivers

Since SiC devices have been developed for a longer time, a larger variety of SiC
MOSFET drivers than that of GaN HEMT drivers have been developed by many manu-
facturers, including In neon Technologies [ 13], On Semiconductor [21], Microchip [ 24],
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Maxim Integrated [ 36], Silicon Laboratories [38], Texas Instruments [39], Analog De-
vices [41], Tamura [42], Rohm Semiconductor [21], Littelfuse [ 19], Diodes Incorporated [ 43],
NXP Semiconductors [44], and Power Integrations [ 45], as listed in Tables 29-37. Be-
cause SiC MOSFETs are suitable for and often used in high-power applications, the peak
output current ratings of SiC MOSFET drivers are generally larger than those of GaN
HEMT drivers. Particularly, Tamura's drivers offer as large as 43 A peak driving current.

Table 29. Commercial SiC MOSFET drivers by In neon Technologies.

Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) Voltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
2 2 12~28 34 50 170
1 4 35 3.1~-35 10 125
4.4 4.1 3.1~18 9 6 300
10 9.4 3.1-35 10 9 125
) 2 12~28 30 50 170
8 3~20 6.5 4.5 37
Table 30. Commercial SiC MOSFET drivers by On Semiconductor.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) Voltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1 6 6 8~22 8 8 25
7.8 7.1 10~24 10 15 66
2 1.9 2.3 0~20 13 8 90
Table 31. Commercial SiC MOSFET drivers by Microchip.
Num. of Peak Source Peak Sink Supply . ) i
Channels Current (A) Current (A) \oltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
2 10 10 14~16 80 90 250
20 20
Table 32. Commercial SiC MOSFET drivers by Maxim Integrated.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) Voltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1 4 2.85 3~36 36 25 35
5.7 16~36 1.8 53
Table 33. Commercial SiC MOSFET drivers by Silicon Laboratories.
Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) \oltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1 2.8 3.4 0~30 55 8.5 40
4 4 3~30 12 12 19
1.8 2.5~30 10.5 13.3 45
2 4 19
4 3~30 12 12 89
39
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Table 34. Commercial SiC MOSFET drivers by Texas Instruments.

Clt\lhu;ﬁgrs Eﬁrei?&;e (fuer?:n?(rl() Volstgggl)(/V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1.5 2 13~33 28 25 70
B 18 20 76
25 5 0~30
5~32 15 7 17
4.5 5.3 13~33 28 25 70
1 8.5 16~33 10 10 65
5~15 33 27 90
10 5~15 28 24 90
10 16~33
3-33 10 10 65
15 15 12~30 150 150 150
17 17 16~33 10 10 65
2 4 6 3~25 6 7 19

Table 35. Commercial SiC MOSFET drivers by Analog Devices.

Num. of Peak Source Peak Sink Supply . ) )
Channels Current (A) Current (A) \oltage (V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
0.2 0.2 4.5~17 15 15 60
2.5~35 18 18 38
2 2
3.3~35 17 17 30
2.3 2.3 2.5~35 18 18 43
1 3-18 12 12 46
4 4 22 22 53
15~30
16 16 55
15~35
4.5~25 - - 107
6 6
6~25 - - 100
01 0.1 4.5~18 o5 25 124
0.3 4.5~18.5 10 100
2 47
3~18 12 12
4 4 46
4.5~18 14 14 160
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Table 36. Commercial SiC MOSFET drivers by Tamura.

(lj\lhu;ﬁgrs Féﬁ:,(ei?&():e (fuer?:n?(rl() Volstgggl)(/V) Rise Time (ns) Fall Time (ns) Prop. Delay (ns)
1.8 1.8 - -
25 3.5 - -
3

2 2 - - 90

2 45 45 13.5~26.4 - -
6 6 - -
7 7 - -
18 18 - - 80
43 43 - - 100

Table 37. Commercial SiC MOSFET drivers by Rohm Semiconductor, Littelfuse, Diodes Incorporated, NXP Semiconductors,
and Power Integrations.

MER Num. of Peak Source Peak Sink Supply Rise Time Fall Time Prop. Delay
Channels Current (A) Current (A) Voltage (V) (ns) (ns) (ns)
Rohm >4 (self-limited) >4 (self-limited) 4.5~20 15 15 65
Littelfuse 9 9 10~25 10 10 75
Diodes 1 10 10 40 48 35 10
NXP 15 15 12~40 - - -
Power Int. 8 8 4.75~28 113 105 270

5. Review on GaN HEMT Driving Circuits
5.1. Single-Channel GaN HEMT Driving Circuits

To provide readers with direct design references, typical papers presenting the design
of GaN HEMT driving circuits are reviewed in this subsection with examples of single-
channel drive. Gurpinar and Castellazzi [ 46] conducted a benchmark of Si-, SiC-, and GaN-
based switching devices at a 600 V class in 3.5 kW, 700 V/230 V, 16~160 kHz single-phase
T-type inverter. Evaluated items included gate driver requirements, switching performance,
inverter ef ciency performance, heat sink volume, output Iter volume, and dead-time
effect for each technology. A Broadcom gate drive optocoupler ACPL-P346 was selected
as the isolated driver for Panasonic PGA26A10DS, and an XP Power isolated DC/DC
converter IH0512S-H was used to provide +12 V supply. The design offered small footprint,
but the drive strength was limited at 3 A. The series capacitor C s in the proposed driving
circuit was designed at 2.82 nF in order to provide 4.5 V during turn-off and speed
up turn-on transient. In [ 47], a low-inductance switching power cell was designed for a
three-level ANPC inverter based on GaN System GS66508T. Texas Instruments UCC27511
provided separate turn-on and turn-off outputs. PWM signal was generated using a ber
optic link, and an inverting Schmitt trigger were used to transfer the PWM signal and
avoid any false turn-on or turn-off. The signal was then isolated using Silicon Laboratories
Si861x. A 7 V power supply was provided using an isolated DC/DC converter and a low-
dropout (LDO) regulator. A Schottky diode was used for voltage clamp. The four-layer
PCB and surface-mount components signi cantly reduced the loop inductance using ux
cancellation, where the layout was required to eliminate common-mode current circulation.
In [48], a 1.5 kW HB bidirectional DC/DC converter was proposed based on GaN System
GS66508T driven by Silicon Laboratories Si8271 and 3~6 V driving voltage. A CUI
isolated DC/DC converter PES1-S5-S9-M-TR was used to provide power supply. Four-
layer PCB layout was adopted in this paper, where ux cancellation was adopted in order to
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minimize the loop inductance. Advanced Thermal Solutions heat sink ATS-FPX060060013-
112-C2-R1 was chosen to match the small thermal pad of GS66508T, and a copper bar was
placed between the switching device and the heat sink for enhanced thermal performance.

A 3 kW bidirectional GaN-HEMT DC/DC converter was proposed in[  49]. The self-
designed driving circuit was designed with an additional NPN bipolar transistor that
acted as a voltage clamp and showed no impact on the switching speed. Zero voltage
turn-on and negative turn-off voltage were utilized to reach >99% ef ciency. A fast GaN
HEMT driving circuit was designed for Panasonic PGA26E19BA with a voltage clamped
to achieve optimized switching performance, freewheeling conduction, and short-circuit
robustness [50]. The manufacturer-recommended driving circuit design was modi ed by
adding a diode-resistor network that helped the capacitor on the driving path quickly
discharge as well as provided more exibility in gate resistor design.

5.2. Dual-Channel GaN HEMT Driving Circuits

Dual-channel GaN HEMT driving circuits are generally more complex than single-
channel driving circuits. However, there are some commercial dual-channel GaN HEMT
drivers ICs that greatly reduce the design complexity. Zhao et al. [ 51] designed a 2 kVA
GaN-based single-phase inverter. The driving circuit for GaN System GS66508T consisted
of Analog Devices ADuM7223 and separate turn-on and turn-off paths. The driver IC
selection was limited in the writing of this paper (2016), so the selected driver failed to meet
the common-mode transient immunity (CMTI) requirement of over 150 V/ns, but no failure
occurred during testing. In [ 52], a 2 kW inductive power transfer system was designed
based on a 600 V GaN gate injection transistor (GIT). The slew rate was lowered so that the
Analog Devices ADuM3223, which had state of the art CMTI capability of 50 V/ns back in
2016, was compatible. In [53], a high-power density single-phase FB inverter was designed
based on GaN Systems GS66502B. Silicon Laboratories Si8274 was used to drive the GaN
HEMTs. Ways to minimize parasitic inductance and optimize heat dissipation were dis-
cussed, including Kelvin source connection, short and wide PCB trails (preferably copper),
minimized overlap between driving loop and power loop, ux cancellation, suf cient area
and thickness of copper, small thermal vias but large in number, direct copper and thermal
via placement, increased number of layers, and reduced thickness of PCBs.

A totem-pole bridgeless power factor correction (PFC) converter based on GaN
Systems GS66508B was proposed ing4]. The Silicon Laboratories Si8273 was used to
drive the GaN HEMTSs, and Kelvin source connection, voltage clamp, discharging resis-
tor, and separate turn-on and turn-off paths were utilized. Elrajoubi et al. [ 55] designed
an AC/DC converter for battery charging application based on GaN Systems GS66504B.
The Silicon Laboratories Si8273 was used to drive the switches, and the Texas Instru-
ments TMS320F28335 was used to generate PWM signals. Kelvin source connection,
four-layer PCB, optimized layout, and voltage clamp were taken into consideration.

In [56], a bidirectional buck—boost converter for EV charging application was designed
based on 1.3 kV series-stacked GS66508T switching modules. The modules were each
designed with two GaN devices, proper gate impedances, and voltage clamps and re-
quired only one driving signal to function. The design yielded almost equally shared DC
bus voltage.

5.3. Brief Summary of Reviewed GaN HEMT Driving Circuits

Table 38 categorizes the reviewed papers according to whether they adopted commer-
cial drivers or self-designed drivers and whether the designed circuits are single-channel
or dual-channel circuits, and adopted deriver ICs (if used) are also listed. Sun et al. [ 57]
compared resonant gate drivers for both Si MOSFETs and GaN HEMTs applications.
It was concluded that the resonant driver reduced switching losses because of fast charg-
ing/discharging capability.
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Table 38. Reviewed GaN HEMT driving circuits.

Ref ChaDr;ir\‘Z'rper fow (KHZ) System Pout Efsé’::re]g/ GaN HEMT COQ::/Z:“&'
[46] 160 2.5 kW 97.3% PGA26A10DS ACPL-P346
[47] 10 1kwW unrevealed GS66508T UCC27511
[48] 1 100 1.5kw >97% GS66508T Sig271
[49] 120~200 3 kw >99% GS66508T N/A

[50] 200 N/A N/A PGA26E19BA

[51] 100 2 kVA 97.4% GS66508T ADuM7223
[52] 100~250 2 kW 95% unrevealed ADuM3223
[53] 160 500 W 96.2% GS66502B Sig274
[54] - 800 W 98% GS66508B Si8273
[55] 65~100 1.5 kw 90% GS66504B Sig273
[56] 25 unrevealed unrevealed GS66508T N/A

5.4. GaN HEMT Power Stages with Integrated Driving Circuits

Switching module design is also a research focus in the eld of GaN HEMT driving.
A high-power density, high-ef ciency half-bridge module based on insulated metal sub-
strate was proposed in [58] for >3 kW applications. In both high side and low side, two
GaN System GS66508Bs were paralleled. The 6-layer module consists of four high-side
and four low-side switches. The most crucial work was to minimize and balance parasitic
inductances of the GaN switching devices. Brothers and Beechner [59] proposed a three-
phase 100 V/270 A (per phase) GaN module consisting of six GaN System GS61008Ts.
The module layout was then designed based on references from commercial modules and
modules in literature. The proposed module successfully hard switched up to 375A.

6. Review on SiC MOSFET Driving Circuits
6.1. Single-Channel SiC MOSFET Driving Circuits

Since the SiC MOSFET has been developed longer than the GaN HEMT, a lot more
papers regarding its driving circuit can be found in open literature. Pirc etal.[ 60] improved
the performance of a nanosecond pulse electroporator by adopting Cree C2M0025120D.
RECOM DC/DC converters RP-0512D and RP-0505S were used to provide 5and 24V
isolated power supply, the Broadcom optocoupler HCPL-0723 was used for signal isolation,
and the Littelfuse ultrafast MOSFET driver IXDD609SI was used to drive the SiC MOSFETSs.
In [61], an isolated smart self-driving multilevel SiC MOSFET driver for fast switching
and crosstalk suppression was proposed using variable gate voltage generated with an
auxiliary circuit that acted differently during turn-on and turn-off periods. The Isolated
Analog Devices single-channel driver ADuM4135 was used to drive Cree C2M0040120D.
The designed driving circuit adopted a two-state turn-off scheme. At rst, the turn off was
ensured using negative voltage, and the voltage was then switched to zero to avoid negative
voltage breakdown. The circuit was simple, suitable for integration, highly ef cient,
compact, and cost-effective. A SiC-based 4MHz 10 kW single-phase zero-voltage-switching
inverter for high-density plasma generators was proposed in [ 62]. The Littelfuse single-
channel driver IXRFD630 was used to drive two parallel-connected Cree C2M0080120Ds.
The required negative voltage was generated with an auxiliary circuit consisting of a
resistor, a capacitor, and a zener diode.

Kim et al. [ 63] proposed a MHz SiC MOSFET driving circuit using parallel connected
FBs based on EPC E-mode device EPC2016. The Broadcom ACPL-346 was used to drive
the GaN FBs. The more FBs connected in parallel, the higher the output frequency of
pulse width modulation (PWM) could be. The circuit was successfully tested at 2 MHz SiC
MOSFET switching frequency using two FBs for a 600 W DC-DC converter. The switching
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frequency of 5 MHz was also veri ed achievable using two FBs (2.5 MHz * 2). In[ 64], a high-
speed gate driver was designed focusing on high-temperature capability (180 C) with
low cost, and the circuit was integrated with overcurrent and undervoltage lockout pro-
tection. High-temperature transistors (from On Semiconductor), diodes, zener diodes,
and pulse transformer were used to realize the design. Even higher operating temperature
could be further realized by using polyimide- and hydrocarbon-based PCBs. The cost
was successfully reduced from United States dollar (USD) 2250 to 100 compared with
using Cissoid EVK-HADES1210. The tested SiC MOSFET was Fuji Electric MT5F31003.
Qi et al. [65] developed a 30 kVA three-phase inverter based on Cree SiC HB power module
CAS300M12BMz2 in order to investigate how to achieve cost-effective outstanding high-
temperature performance (targeted at 180 C ambient temperature). The designed driving
circuit was based on Central Semiconductor high-temperature transistors in metal can
packages (rated at 200 C) and consisted of signal isolation, gate drive, saturation detec-
tion, undervoltage detection, and protection logic circuits. It achieved 90% cost reduction
compared with driving circuits using commercial silicon-on-insulator (SOI) ICs (from USD
2250 to 50 for active components).

A low-cost analog active driver was proposed in [ 34] for a higher parasitic environ-
ment. The designed driver consisted of a current ampli er stage and turn-on and turn-off
switching controllers and outputted continuous analog current. Cree C2M0080120D was
used to verify that the designed driver reduced losses compared with a hard switched gate
driver and that good dynamic was achieved with much larger parasitic inductance and ca-
pacitance. In [66], a driving circuit with minimum propagation delay was designed to
drive Rohm SCH2080KE for high-temperature applications. The design consisted of signal
isolation and level shifting circuits and a two-level isolated auxiliary power supply. The iso-
lation circuit achieved very small propagation delay by using non-delay RC differential
circuits and a set-rest ip- op. The auxiliary power supply was compatible with wide input
voltage and operating temperature ranges because of the exclusion of low-temperature
linear optocouplers. Li et al. [ 67] focused on crosstalk elimination. High off-state gate
impedance was employed to eliminate the voltage drop on the common-source inductance,
while the potential fault turn-on was prevented by utilizing the pre-charged voltage in
the gate-source capacitance. Cree C2M0025120D was used to verify the driving circuit,
and the design was compatible with most of the commercial SiC MOSFETs. Zhao et al. [ 68]
proposed an intelligent and versatile active gate driver with three turn-on speeds and two
turn-off speeds using an adjustable voltage regulator, a voltage selector, and a current
sinking circuit. Cree C2M0080120D was used to verify the design.

6.2. Dual-Channel SiC MOSFET Driving Circuits

A 1 kW interleaved high-conversion ratio bidirectional DC-DC converter based on
four Rohm SiC MOSFET SCTMUOOLF and four Si MOSFETs was proposed in B9 for
distributed energy storage systems. Each driving circuit drove one SiC MOSFET and one Si
MOSFET and consisted of Texas Instruments UCC27531, a transformer with two secondary
windings, and a voltage clamp. In [ 70], two series-connected Cree C2M0160120Ds were
driven by a low-cost, simple, and reliable driving circuit based on the Broadcom ACPL-
344JT, coupling circuits, dv/dt limiting circuit, and a voltage limit circuit. Good voltage
balancing and reliable switching were obtained. Lower switching frequency and smaller
DC bus voltage were also compatible for the designed circuit. Wang et al. [ 71] proposed
an enhanced gate driver consisting of the STMicroelectronics galvanically isolated MOS-
FET/IGBT driver STGAP1AS, a bipolar junction transistor-based multi-cell current booster,
a high-bandwidth and high-accuracy nonintrusive Rogowski switch-current sensor, and a
noise-free isolation architecture. The designed driver was veri ed with Cree HB module
CAS300M17BM2 and compatible with almost all the SiC MOSFET modules. Yang et al. [72]
proposed a driving circuit with dynamic voltage balancing for series-connected SiC MOS-
FETs. Only one external driving IC was required to drive both switches. An overdrive
control method helped adapt to DC-bus voltage variation. Switched capacitors could be
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utilized to further widen the control range. The Cree C2M1000170D was used to verify
the design, which was suitable for various high-voltage applications.

A single gate driver was designed to drive four cascaded series-connected SiC MOS-
FETs for medium voltage applications [ 73]. This was realized using an auxiliary circuits
consisting of diodes, zener diodes, resistors, and capacitors. A 2400 V 10 kHz synchronous
boost converter was demonstrated using the designed driving circuit.

6.3. Brief Summary of Reviewed SiC MOSFET Driving Circuits

As can be imagined, many similarities related to safety and loss reduction can be
observed in GaN HEMT and SiC MOSFET driving circuit designs. A difference is that SiC
MOSFETSs require higher driving strength and high temperature capability when used in
high-power applications. Table 39 categorizes the reviewed papers according to whether
they adopted commercial drivers or self-designed drivers and whether the designed circuits
are single-channel or multichannel driving circuits, and adopted deriver ICs are also listed.
Sakib et al. [74] compared various gate drivers for SiC MOSFETSs (2017). Covered aspects
included passively triggered gate drive, negative spike mitigation, crosstalk prevention,
and resonance and clamping. Another review was conducted on SiC MOSFET devices
and individual SiC MOSFET gate drivers (2018) [ 75]. Covered items included the adjust-
ment of switching speed, voltage, and power level and other special functions. In[ 76,
the status and applications of SiC-based power converters, challenges regarding high-
switching frequency gate driver design, and problems related to commercial drivers were
reviewed (2018). It was pointed out that the commercial drivers back then were far
from universal, which was due to very speci c driving requirements of various SiC switch-
ing devices. Liu and Yang [ 77] reviewed the characteristics of SIC MOSFETs and different
driving circuits (2019). It was suggested that, for >150 C applications, discrete components
or Si-on-insulator-based gate drivers should be used rather than conventional Si MOS-
FET drivers. In terms of crosstalk suppressing, it was recommended that a combination of
additional capacitors, variable voltage/resistance driver, and auxiliary discharging path
could be used. In [7§], slew rate control methods for SiC MOSFET active gate drivers
were reviewed (2020). Reviewed aspects included the principle of slew rate control, fac-
tors that in uenced slew rate, and issues induced by high slew rate. Slew rate control
methods included variable gate resistance, input capacitance, gate current, and gate voltage.
Control strategies included open-loop, measurement-based, estimation-based, and timing-
based controls. The advantages and disadvantages of each control strategy were also listed.
Next, the conventional and emerging applications of active gate drive were also reviewed,
including EMI noise mitigation, dead-time adaption, motor drive, reliability enhancement
of SiC MOSFET, and parallel SiC MOSFET connection.

Table 39. Reviewed SiC MOSFET driving circuits.

Ref ChaDr;ir\‘/‘zrper fow System Pout Efsé'zﬁg SiC MOSFET COQR‘;“&'
[60] N/A unrevealed N/A C2M0025120D IXDD609SI
[61] 1 MHz 51 kw unrevealed C2M0040120D ADuM4135
[62] 4 MHz 10 kW >97.5% C2M0080120D IXRFD630
[34] 20 kHz 5.9 kw unrevealed C2M0080120D

[63] 1 2 MHz 600 W unrevealed C2M0080120D N/A

[64] 150 kHz 4 kKW >99% MT5F31003
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Table 39. Cont.

Ref ChaDr;ir\‘Z'rper fow System Pout Efsé’::re]g/ SiC MOSFET COQ::/Z:“&'
[65] 10 kHz 30 kW 99% CAS300M12BM2

[66] 100 kHz 2 kW 82% SCH2080KE

[67] unrevealed 4.5 kw unrevealed C2M0025120D

[68] unrevealed 9 kW unrevealed SCH2080KE

[69] 200 kHz 1kwW 96% SCTMUOO1F UCC27531
[70] 25 kHz 2.5 kw N/A C2M0160120D ACPL-344JT
[71] 2 100 kHz 252 kW 99.4% CAS300M17BM2 STGAP1AS
[72] 100 kHz 1.8 kW unrevealed C2M1000170D unrevealed
[73] 10 kHz unrevealed unrevealed unrevealed N/A

6.4. SIC MOSFET Power Stages with Integrated Driving Circuits

Some examples of modular SiC MOSFET power stages can be found in [/9-81]. Jar-
gensen et al. [79] proposed a 10 kV single-switch module adopting  5~20 V hard-switched
Littlefuse IXRFD630, Kelvin connection, no external gate resistance for the fastest switching
speed possible, and low inductance design for better heat dissipation. In [ 80], a 1200 V/120
A HB module was designed based on a direct bonding copper-stacked hybrid packag-
ing structure for minimized thermal resistance and commutation power loop inductance.
The designed module was tested as a 5.5 kW single-phase inverter, yielding 97.7% ef ciency,
and the power loss was 28.3% less than Cree HB module CAS120M12BM2. A module with
adjustable drive strength based on hybrid combination of logics and high temperature
capability was proposed in [ 81]. The Cree bare die SiC MOSFET CPM3-0900-0065B was
successfully switched with less than 75 ns rise/fall time from room temperature to over
500 C. Overshoot and dv/dt were successfully and dynamically controlled.

7. Conclusions

The desire of replacing conventional Si-based switching devices with WBG material-
based switching devices for higher switching frequency and ef ciency has led to intensive
research on the driving technologies of GaN HEMT and SiC MOSFET. This paper has
addressed the characteristics and operating principles of GaN HEMT and SiC MOSFET.
Commercially available products of WBG switching devices with V 45 ranging from 600V
to 1200 V were explored. GaN HEMTSs are currently suitable for low- to mid-power and
high-frequency applications because of their ultrafast switching speed and ultralow con-
duction losses, and SiC MOSFETs are especially suitable for high-power applications
because of their high thermal capability. In this paper, the driving requirements of WBG
switching devices have been explained, where overcoming high slew rate is the biggest
challenge. Commercial drivers designed for WBG switching devices were surveyed.
It has been observed that drivers for GaN HEMTs and SiC MOSFETs are normally designed
based on their speci ¢ system requirements. Finally, typical papers discussing the driving
circuits of GaN HEMT and SiC MOSFET, previously published review papers, and some
papers focusing on modular design of WBG switching devices integrated with driving
circuits have been reviewed with brief discussions.
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has been expected that the solar PV generation level will catch up in the share of future
RE-based generation.

The PV cells in a PV module produce DC electricity out of sunlight. As a result, a
proper power converter interface is required for a grid-connected or standalone solar PV
generation system when supplying electricity to AC loads. When power converters are
tested for practical PV generation applications, environmental conditions such as solar
irradiance and ambience temperature have to be considered. Testing the converters under
actual and various environmental conditions is a valid yet time-consuming method, and
the associated cost may be very high. Moreover, it is also challenging to obtain the current
and voltage (I-V) characteristics of a PV module in a laboratory with limited space. A
better approach is to design PV emulators using power converters, which require much
less space and are easily programmable. In the literature, many PV emulation systems
have been reported. In [4], a buck converter-based PV emulator was controlled using a
fast-convergence resistance-feedback strategy that required a current-resistance model of a
PV module. A dynamic eld programmable analog array (FPAA)-based PV emulator was
presented in [5] with the following advantages: (1) it did not require numerical interpolation
or large amount of data in memory; (2) it was easily characterized, compared with a eld
programmable gate array (FPGA)- or digital signal processor (DSP)-based implementations.
In [6], a portable, inexpensive and light-weight plug-and-play PV emulator was developed
using a DC/DC converter. Great promise for PV module emulation with a minimum
amount of output error was shown. In[ 7], S. M. Azharuddin et al. proposed a near-
accurate PV emulator using a simple power converter and a dSPACE controller for real-
time control. The proposed device enabled fast converter response with a high bandwidth
current regulator. A low-cost, portable, embedded design for implementing a real-time,
high-accuracy PV emulator using new processors was proposed in [8].

For industrial applications, a PV emulator with a higher power rating is required.
In[9], a dynamic 10-kVA PV emulator based on high-power inverters and an active LCL
Iter was developed and implemented. The maximum power point tracking (MPPT)
algorithms of a real PV module were tested using the proposed hardware. The minimized
harmonic current content and fast adjustment for power factor (PF) were achieved with the
selected power stage. A. Koran et al. [10] proposed a high-ef ciency PV source simulator
with the advantages of using analog and digital-based controllers. A three-phase AC-DC
dual boost recti er cascaded with a three-phase DC-DC interleaved buck converter was
used in this system. A low-cost PV module emulation system developed using LabVIEW
software was proposed in [ 11]. Several analytical models of PV cells and the estimation
of power and current curves for a given irradiance and temperature were studied. D.
Pelin et al. [12] described a PV emulator using DC programmable sources and conducted
a 6-day emulation. In [ 13], a real-time emulator for control and diagnosis purposes of
solar PV generation was developed in a Matlab/Simulink environment. |-V characteristics
of generator model were emulated with a programmable DC/AC power source. A PV
emulator with quasi-sliding mode controller to realize PV characteristics under rapidly
varying environmental conditions was proposed in [ 14]. In their design case, a user-
friendly graphical user interface (GUI) was developed. In [ 15], a PV emulator using
dSPACE controller with simple control was designed to achieve fast response. Current
mode controller and a modi ed look-up table were combined for the control mechanism.

In most of the papers reviewed above, the theoretical models using V-I curves of
the given PV modules and the conventional silicon (Si)-based switching devices were
commonly used for designing converter-based PV emulators. In the literature, a conference
paper [16] presented a hardware design case of the PV module emulator, in which GaN
MOSFETSs were used; however, the details of controller design issues were not discussed.
Comprehensive analysis and comparison of performance between Si- and GaN-based
DC-DC converters can be found in [ 17]. In this paper, a gallium nitride (GaN)-based and
DSP-controlled DC-DC converter is presented to achieve a exible and highly ef cient PV
emulator with the capability to closely simulate any V-I characteristic of a PV module using
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high dislocation density in the GaN layer leading to lower LED performance [ 10]. Third,
the difference in thermal expansion coef cients (~56%) between Si and GaN introduces
large tensile stress in the GaN layer during the cooling process from the high growth
temperature, which causes the wafer bowing and cracks generation [11].

Therefore, many researchers have introduced various methods to reduce thread-
ing dislocation, stress mitigation, and remove cracks, such as epitaxial lateral overgrowth,
nanoporous GaN layers, graded AlGaN interlayers, and Al(Ga)N/GaN superlattices [12-15]
Particularly, the AIN layer, which acts as a bottom buffer layer on the Si substrate, signi -
cantly affects crystalline quality and stress management of the GaN layer.

AIN layers with rough surfaces and poor crystalline qualities lead to GaN layers with
poor crystalline quality. Therefore, many studies have revealed that high-quality AIN
buffer layers minimize crystal misorientations and dislocation density in the GaN layer.
Krost et al. developed a low-temperature (LT)-AIN layer—that is, a novel method to reduce
stress [16].

Comparatively, high-temperature (HT)-AIN layers yield reduced dislocation densities
and promote the relaxation of compressive strain due to an increased Al migration length.
In addition, many studies are also investigated the high-quality GaN layer grown on a
Si substrate using the HT- and LT-AIN growth process [ 17,18]. Moreover, Hirayama et al.
used an AIN buffer layer grown with pulsed NH 3 ow on a sapphire substrate [ 19], which
is an effective way to enhance the lateral migration of Al atoms and produce a smooth
epitaxial surface.

However, there have been no reports on the effects of ammonia (NH 3) growth inter-
ruption for the AIN layer in GaN-based LEDs grown on Si (111) substrates.

We demonstrate that AIN layers prepared with NH 3 growth interruption to be served
as a buffer layer improve the crystalline quality and strain relaxation in GaN-based LEDs
grown on Si (111) substrates. The Al migration time of the AIN was controlled by NH 3
pulse timing.

The optical output power of LEDs grown using NH 3 growth interruption was 40.9%
greater than that of the reference LED embedded with the AIN buffer layer without NH 3
growth interruption (injection current of 300 mA). Such remarkable improvements of
optical output power are predominantly attributed to reduced dislocation densities and
strain relaxation, which originated from an increased Al migration in the AIN buffer layer.

2. Materials and Methods

InGaN/GaN MQW LEDs were grown on Si (111) substrates using metal-organic
chemical vapor deposition. Trimethylaluminum (TMAI) and NH 3 were used as the Al and
N sources, respectively, and high-purity hydrogen was employed as the carrier gas. Si
(111) substrates were rst annealed at 1050 C for 10 min to remove the native oxide. The
substrates were subsequently passivated by TMAI with a pre-dose time of 10 s to prevent
Si melt-back etching. A 200 nm-thick AIN layer was subsequently deposited at 1050 C as
a reference. Comparatively, for samples prepared by NH 3 growth interruption, TMAI was
constantly introduced into the chamber while NH 3 was injected into the reactor following
a speci ed pulsed regimen. Speci cally, the halted ( t;) NH 3 ow time was changed: 3 s for
sample A, 5 s for sample B, 7 s for sample C, and 9 s for sample D, as schematically shown
in Figure 1.

After that, to prevent crack formation, two pairs of 12 nm-thick low-temperature AIN
layers and a 1.2 m-thick undoped GaN layer were deposited.

Furthermore, a1.5 m-thick n-type GaN layer (n=6 10'8/cm 3), six periods of 2.3 nm-
thick In g 16Gag goN layer, and 7.7 nm-thick GaN-based MQWs layers were subsequently
grown. The 15 nm-thick Al ¢.15Gag gsN electron blocking layer (EBL) and the 200 nm-thick
p-type GaN layer (n=5 10%cm 3) were nally deposited.
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Al adatoms have a high sticking coef cient and short migration time on Si substrates;
therefore, they have a signi cantly low probability of moving from their point of impact.
This gives rise to many nucleation sites for growth with a high density of extended defects,
such as dislocations and grain boundaries [22]. Moreover, growth interruption by halting
NH 3 gas ow provides Al adatoms with suf cient residence time to incorporate the
most energetic favorable lattice sites on the Si substrate. It promotes a large number of
small nucleation sites, which further minimizes coalescence-related defects. However,
signi cantly long migration time for sample D promotes AIN layers with lower crystalline
quality and increased dislocation densities compared to those of sample C due to the
deteriorating surface roughness, as shown in Table 1 [23-25].

We analyzed transmission electron microscopy (TEM) to deeply investigate the crys-
talline quality of AIN layers produced using NH 3 growth interruption. Figure 3b,c show the
cross-sectional bright- eld TEM images of the reference sample and sample C, respectively,
which were acquired near the GaN [0001] zone axis. Dislocations were clearly observed at
the interface of the AIN and Si in the reference material; however, they are remarkably re-
duced in sample C because the longer Al migration time (as shown in Figure 3d) decreases
coalescence related defects and dislocation densities.

The impact of the NH 3 growth interruption process on the residual stress in the
GaN epilayer was quanti ed by photoluminescence (PL) and Raman measurements, as
shown in Figure 4a,b, respectively. The PL intensities of samples prepared by the NH 3
growth interruption process increased with Al migration time ( ty), indicating higher GaN
crystal quality than the other samples. However, the PL intensity decreased with longer Al
migration times. Moreover, the PL peak position of a sample C blue-shifted from 366.7 nm
to 365.3 nm and subsequently red-shifted to 365.6 nm in sample D, indicating that the
residual tensile strain in sample C is smaller than that in the other samples. Figure 4c
shows the Raman spectra acquired from the reference sample and sample C, speci cally
using a 514 nm light with the excitation power of 2.4 mW.

The E; (high) vibrational mode is highly sensitive to strain. Therefore, it is widely
used to quantify the stress in GaN epilayers [25]. The wavenumber of the E, (high) mode
of the reference sample and sample C was 566.03 cm® and 567.18 cm 1, respectively. Both
the values were red-shifted from the E, (high) wavenumber from a standard free-standing
bulk GaN (567.5 cm 1), proving that the GaN epilayers in the reference and sample C were
under tensile stress [26]. Shifts of the E, (high) phonon peak are related to the relaxation of
residual strain; it can be calculated using the following equation [27]:

DWg WO = Kg SXX (3)

where wg and wgq represent the Raman wavenumbers of the E; (high) phonon peak of
sample C and reference sample, respectively. A proportionality factor Kq (4.2 cm 1GpPa 1
originates from hexagonal GaN [ 28]. The E, (high) phonon peak of sample C was blue-
shifted by 1.15 cm ! from that of the reference sample, corresponding to the impressive
different relaxation of tensile stress (sxx) (0.274 GPa). The relaxation of tensile strain in
GaN layer for sample C causes the shrinking the lattice constant, which shifts the PL peak
position to higher energy [ 29]. The reduced tensile stress in sample C arises predomi-
nantly from the coalescence of large-sized grains due to the NH 3 growth interruption
method [30,31].
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Improved crystalline quality is further corroborated by comparative TEM analyses,
which is attributed to the effectively reduced dislocation densities and coalescence by
longer Al migration times. A lower forward voltage of 3.76 V was observed at an injection
current of 20 mA for the LED fabricated by the NH 3 growth interruption method; however,
the reference LED had a forward voltage of 3.91 V. The optical output power of the LED
prepared using the NH 3 growth interruption was 40.9% greater than that of the reference
LED.

Such enhanced optical output is attributed to increased radiative recombination rates
due to the decreased dislocation densities and relaxation of internal tensile strain, which
arise from the longer Al migration time on the Si (111) substrate. These results demonstrate
that the NH 3 growth interruption method is an important technique for growing high-
performance LEDs grown on Si (111) substrate. Therefore, these results ultimately represent
a step towards realizing high-ef ciency and high-power LEDs.
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ne-pitch (45-70 m) PMUT array based on a customized silicon-on-insulator (SOI) wafer
with buried cavities for medical imaging., The fabricated 9 9 array samples made of
40 m diameter PZT PMUTs had a 3.4 MHz bandwidth at the center frequency of 10.4 MHz
and measured pressure sensitivity of 2 kPa/V at a distance of 1.25 mm. In 2015, Horsley
et al. [9], proposed an AIN PMUT for human-machine interfaces. In 2017, Goh et al. [ 10],
proposed an AIN PMUT based ultrasonic measurement method for stainless steel tubes.

With the continuous development and wide application of computer, automation and
industrial robots, the ranging technology, such as radar ranging [ 11], infrared ranging [ 12],
laser ranging [13] and ultrasonic ranging [ 14, is becoming critical to ensuring accurate
positioning. Compared with other ranging methods, ultrasonic ranging is not affected by
the transparency and color of the target object, is insensitive to environmental noise, and can
be used in direct sunlight. Besides, because of the relatively low speed of sound, ultrasonic
transducer based ranging technology mitigates the high-speed electronics requirements
confronted by RF (radio frequency) and optical ranging. Hence, ultrasonic ranging has
the characteristics of low power consumption, which makes it an attractive alternative at
short-range ranging (<10 m).

The traditional ultrasonic range nders use bulk piezoelectric ceramic with high out-
put power. However, the mismatch of the acoustic impedance with air results in poor
conversion ef ciency between the electric eld and the sound eld [ 15). Besides, their
bulky size limits their use in portable devices. AIN has a quartzite crystal structure with a
good piezoelectric effect along its c-axis orientation. It does not need to be polarized like
lead PZT [4], and the AIN membrane has a lower deposition temperature than PZT (the
former is less than 400 C, and the latter is 600 C), which results in its better compatibility
with standard CMOS processes. Although the piezoelectric constant of AIN is not as high
as PZT, its lower dielectric constant makes it possible to achieve performance comparable
to PZT. Therefore, AIN based PMUT is a promising candidate for an integrated portable
ranging system.

Regarding to ultrasonic ranging, either frequency modulated continuous wave mode
(FMCW) or pulse echo mode (PE) is used. FMCW mode includes binary frequency shift
keying (BFSK) [1€], two frequencies continuous wave (TFCW) [ 17] and multi-frequencies
continuous wave (MFCW) [ 18]. PE mode includes time of ight (TOF) [ 19]. Theoretically,
frequency modulated continuous wave (FMCW) does not have dead zone while it is not
the case for the PE mode R0]. However, measuring range of FMCW mode is short, and it
is dif cult to do Doppler coupling or isolate the transmitter and receiver. In comparison,
the traditional ight (TOF) methods suffer from high levels of systematic errors due to
degradation of the amplitude of received signal. To address this issue, the ultrasonic signal
received by the PMUT is ampli ed by the high pass lter (HPF) and then being read by
analog to digital converter (ADC) [14].

In this paper, two pieces of PMUTSs are applied. One is used to transmit and the other
is used to receive ultrasonic waves. The time to digital converter circuit (TDC), correlating
the clock frequency with sound velocity, is utilized for range nding via TOF calculated
from the system clock cycle. A prototype is fabricated by integrating two AIN PMUTs with
an ASIC chip that is designed and fabricated on a 0.18 m CMOS process. Its performance
is studied experimentally. Compared to state of the art, the developed time to digital
converter circuit (TDC) ranging system features a wide range and high accuracy.

2. Design of the Ranging System

The block diagram of the proposed ranging system is shown in Figure 1. The system
consists of two PMUTs and a transceiver circuit. The ultrasonic transducer consists of a
square AIN piezoelectric Im sandwiched between two Mo electrodes suspended with
buried vacuum cavity in the substrate. The voltage applied to the two electrodes forms
an electric eld in the thickness direction causing a transverse stress, which generates an
acoustic wave from out-of-plane bending of the membrane. Similarly, the incident pressure
wave causes the membrane to bend and generates a charge on the electrodes for receivers.
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value is beyond the lower or upper thresholds, the interrupt is asserted to alert the host
about the situation.

The distance (L) between the transducer and the object is gured out by TOF using
ultrasound's echo and receive roundtrip time Dt using Equation (3).

_ CUS
Lmln 2fsys (3)
where cys is the velocity of ultrasound in air and fsys is the frequency of system. It is
worth noting that sound velocity in air is not constant, which is affected by environment
condition such as humidity and temperature. High humidity environment can quickly
dampen the ultrasound, resulting in a very short transmission distance. The relationship
between sound velocity and temperature can be described in Equation (4):

cus = (331.3+ 0.606 T) m/s 4

where T is absolute temperature in unit of Celsius. The trans mission speed of ultrasound in
air at 25 Cis 346 m/s, which gives the ultrasound one—way travel time o f2.89 sfor 1 mm
transmission distance. As shown in Figure 1a, the total trav el distance of ultrasound from
transmitter to receivers is twice that of the distance betwe en the PMUT and the object (1 mm
here). Hence, the total travel time of ultrasound is 5.89 s, which corresponds to the system
frequency of 1.73 MHz and minimum distance resolution of 0.1 mm using Equation (3). A
3D finite elements model of the PMUT was created using COMSOL Multiphysics software
(Version 5.0, COMSOL Co. Ltd., Stockholm, Sweden) to study the mode shape and the
time-frequency characteristics. The first vibration mode of the PMUT is shown in Figure 2a.
PMUT operating in the first mode has maximum amplitude, andt hus is more suitable for
ranging applications. Figure 2b,c shows the simulation res ult of frequency characteristics of
the PMUT. It can be seen that the resonant frequency is 100.17/&Hz when the side length is
3500 m, and the maximum displacement is about 75 m at resonant frequency.

The propagation process of ultrasound is shown in Figure 2d. Starting from t = 0's, the film
begins vibrating and radiating ultrasound outward with afa n angle of 180 (Figure 2(di—diii)). At
t = 120 s, apart of the ultrasound bypasses the baffle and propagates downward, then reaches
the receiver before the reflected waves (Figure 2(div,dv)) . Finally, ultrasounds reach the reflector
and reflects downward until they are detected by the receive r (Figure 2(dvi,dvii)).

Figure 2e,f show the simulated results of near- eld and far- eld sound pressure versus
time. As seen from the Figure 2e, the envelopes of the ultrasonic waves at different points
are very similar, their frequency is also the same, but the amplitude of the waves isometri-
cally decrease, and the phase also moves equidistantly to the right. It is worth mentioning
that the time difference of arrival (TDOA) of the three waves Dt is approximately 6 10 ’s,
and the distance difference Ds = v Dt = 0.2076mm, where v = 346m/s is sound speed at
room temperature, is exactly equal to the distance between two points. This shows that the
ultrasonic wave is basically not affected by the external environment and is radiating out
without distortion. For far- eld sound pressure in Figure 2f, except for the 10 cm point,
the envelopes of the other two waves have changed and the amplitudes will no longer
attenuate after reaching the maximum, which may be caused by the superposition of the
original wave and the re ected wave.

The received voltage of the receiver when the sensing distance is 7 cm and 8 cm is
shown in Figure 2g,h, respectively. The ultrasounds shown in Figure 2(div,dv) that bypass
the baf e and reach the receiver are the waves on the left of the red dashed line, and the
right is the re ected waves for sensing. Therefore, the received voltage is the superposition
of two waves, and the minimum amplitude between the two waves is the arrival time of
the re ected waves. We can calculate the measured distancesg) = V tg/ 2= 7.0065cm
and siyy = V t()/ 2= 8.0099cm from the arrival time. Since the results were very close to
the actual distance, it shows that the method has extremely high accuracy.
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References

The performance comparisons with previous works are listed in Table 2. For the same
TOF method in [ 14], the range and accuracy of this work both have been improved due to
the usage of more advanced fabrication process and customized circuits. Compared with
the phase-shift method [ 23], the TOF method has a larger sensing range, but the accuracy
is slightly lower, especially at short distances (e.g., <100 mm), while the phase shift method
has extremely high accuracy.

Table 2. Performance comparison with previous works.

Reference Method Transducers Max Range Range Error

[20] Phase-shift sound Si Thermal ultrasound 0.11m 4 mm

[14] TOF sound AIN PMUT 0.45m 39mm@3 )

[23] Phase-shift sound AIN PMUT 0.1m/0.3m 711 m/1.82mm 3 )
This work TOF sound AIN PMUT 0.5m 0.63mm 3 )

5. Conclusions

In this paper, we present a high-accuracy CMOS driven ultrasonic ranging system
based on air coupled piezoelectric micromachined ultrasonic transducers (PMUTS) using
time of ight (TOF). The mode shape and the time-frequency characteristics of PMUTs
were rstly simulated and analyzed. PMUTs with frequencies of 97 kHz and 96 kHz were
chosen as the transmitter and receiver, achieving both high range accuracy and ranging
eld. Based on the 0.18 m CMOS process, the time to digital converter circuit simpli es
the ranging method by system clock counting. The experimental results show that the
accuracy of the ranging between 10 cm and 50 cm is 0.63 mm (one standard deviation),
which is better than that of the previously reported range nder. The TOF based ranging
system using PMUTs and CMOS circuit shows great application potentials in short-range
communication, such as ultrasonic positioning, gesture recognition, medical assistance, etc.
Future work will focus on the integration of CMOS and PMUTs, as well as applications
based on ultrasonic range nders.
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the base drain current (1g). For example, a Pt-AlGaN/GaN sensor showed a signi cant
current change of 2.8 mA measured at 400 C under 450 ppm NO ,, but the high base
current of 16.5 mA led to 17% of sensitivity [ 21]. Another Pt-AlGaN/GaN sensor showed
5.5% of sensitivity while it had a high current change of 1.801 mA and a high base current
of 33 mA [22]. On the other hand, a NH 3 gas sensor archived an ultra-high sensitivity of
18,300% at 150 C, but the base current was limited in the pA range [25].

There are some approaches to optimize the sensitivity of sensors based on HEMTSs.
Firstly, choosing an appropriate catalyst is very important. Since the sensors work based
on the chemical mechanism, the catalyst directly affects the sensor characteristics such
as working temperature, sensitivity, response, and recovery times. Our previous work
proved that sensors based on Pd-AlGaN/GaN HEMT showed better performance than
the Pt one [24]. Second, the surface treatment, like hydrogen peroxide treatment [ 26] or
plasma treatment [27], can improve the gas sensor's sensitivity. Third, since HEMTs are
3-terminal devices, they provide the possibility of adjusting the gate voltage to control the
drain current, thereby optimizing the sensor's performance, which is a superior advantage
when compared to diode-type sensors.

In this paper, we comprehensively investigated the sensitivity enhancement of the
NO, gas sensor based on Pd-AlGaN/GaN HEMT by gate bias modulation. When the
sensor was biased close to the threshold voltage, the sensitivity and the response time were
much improved. The Technology Computer-Aided Design (TCAD) simulation revealed
that the improvement of sensitivity was attributed to the larger change in the channel
electron concentration near the threshold.

2. Materials and Methods

The fabrication process of the sensor is shown in Figure 1. AlIGaN/GaN HEMT-type
sensors were fabricated at the Inter-University Semiconductor Research Center (ISRC),
Seoul, Korea. The AlGaN/GaN-on-Si substrate consisted of a 10 nm in situ SiN 4 layer,
a 13 nm Alg 3Gag 7N barrier layer, a 4.2 m i-GaN layer, and AlGaN/AIN buffer layers.
AlGaN layer parameters such as Al-content and the thickness were optimized for the
maximum transconductance by increasing Al-content and thinning the thickness. The
source and drain contacts with Ti/Al/Ni/Au (20/120/25/50 nm) were formed by e-beam
evaporation with a lift-off process and followed by rapid thermal annealing (RTA)at830 C
for 30 s in N, ambient. Then, 300 nm-depth mesa isolation was formed by inductively
coupled plasma (ICP) etching with BCI 3/Cl , to de ne the active region. The 30 nm Pd
layer as a gate electrode was then formed by e-beam evaporation and a lift-off process.
Afterward, the interconnect bi-layer probing pads of Ti/Au with thickness 20/300 nm
were formed by e-beam evaporation and lift-off. A passivation layer of 200 nm SiN x was
deposited using plasma-enhanced chemical vapor deposition (PECVD) at 190 C in order
to protect the sensor's surface. Finally, the SiNy layer was patterned and etched to open
the Pd-gate to the ambient and the contact pads for measurement. The dimensions of the
Pd-gate electrode were 24 m 120 m, the source-gate and gate-drain spacings were
2 m. The fabricated AIGaN/GaN HEMT exhibited sheet resistance, 2DEG mobility, and
sheet carrier density of 493W/ , 1420 cnf/(V s),and 8.9 102cm 2, respectively. The
microscope image of the fabricated Pd-AlGaN/GaN HEMT device is shown in Figure 2a.
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Figure 1. Fabrication process of Pd-AlGaN/GaN high electron mobility transistors (HEMT) sensor.

Figure 2. Microscope image of fabricated Pd-AlGaN/GaN HEMT device ( a), and the sensing mechanism of the sensor p).

Gas sources consist of synthesized dry air as the background gas, and 100 ppm NG,
as target gas. The background and the target gases were mixed by mass ow controllers
(MFCs) to archive the different concentrations of NO . The combined total gas ow was
set to 200 sccm in all measurements. The sensors were loaded in a chamber containing a
hot chuck to control the operating temperature. The DC and transient characteristics of the
sensor were measured using the HP 4155A semiconductor parameter analyzer.

The sensitivity is de ned as the ratio between the change of drain current and initial
current:

Sensitivity(%) = loIno, = 9, 1)
lo lo

where lg and Iyp, are drain currents under the ow of dry airand NO  ; gas, respectively.

The response and recovery times were calculated from transient characteristic, where they

showed 90% of the total change (DI) in drain current [28].
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The sensing mechanism of nitrogen dioxide sensors based on Pd-AlGaN/GaN was
investigated and reported in our previous work [ 24]. When nitrogen dioxide gas is ad-
sorbed on the Pd catalyst layer, the nitrogen dioxide molecules are dissociated in nitrogen
monoxide (NO) going to the gas phase and oxygen ions on the Pd surface [29,30]. Then, the
negatively charged oxygen ions diffuse through the gate and reach the surface of AlGaN
layers. Here, they affect the number of mobile carriers in two-dimensional electron gas
(2DEG) of the HEMT structure, leading to a reduction of drain current (Figure 2b).

3. Results

The transfer characteristics of the fabricated HEMT at different temperatures were
shown in Figure 3. The device exhibited stable operations up to 300 C due to GaN's
thermal stability.

Figure 3. Transfer characteristics of fabricated device in linear (a) and log (b) scales.

Figure 4 showed the response of the sensor at different gate voltages at different biases
and temperatures. While the adsorption of oxygen ions on the Pd/AlGaN interface occurs
even at room temperature, the desorption totally takes place at high temperatures beyond
200 C, which directly affects the recovery of the sensor. This indicates that this sensor is
more suitable for high temperature operation. At a higher temperature, the adsorption
and desorption of negatively charged oxygen ions took place more ef ciently, resulting
in faster response and recovery times. Starting from 300 C, the sensor fully recovered
to the base current, which agreed with other studies [ 21-23]. Additionally, the sensitivity
was improved at higher temperatures (Figure 4d). When the device is biased closed to the
threshold voltage, the reduction of the current level leads to a higher sensitivity, which is
similar to the gate recess approach [31]. Since the gate bias modulation is a damage-free
technique, it exhibited the advantage over the gate recess method to improve the sensor's
performance.
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Figure 4. Sensor's response at 25 C (a), 250 C (b), 300 C (c), at different gate biases and sensitivity as a function of gate

voltage (d).

To discover the physical mechanism of the sensitivity improvement, the simulation on
Silvaco TCAD was performed with our wafer parameters. The gas injection was simulated
by the variation of the gate work function because NO » incorporation through Pd-catalyst
eventually introduces oxygen ions onto AlGaN barrier surface. The oxygen ions provided
a negative charge, leading to an increase of the Pd work function. The simulation results
showed that when the device was biased at 1V, the difference of the conduction band and
electron quasi-Fermi level was much smaller than that at 0 V (Figure 5a,b), which resulted
in a remarkable reduction of channel electron density (Figure 5c). Relative change of
electron concentration responding to the gas exposure was increased from 14.5% /g =0 V)
t030% Vg = 1V).

When HEMT sensor is biased at a high negative gate voltage, the drain current became
too low, which may affect the stability of sensing characteristics. Our sensor showed good
repeatability regardless of the gate voltage. In 10 continuous cycles at 300 C, the sensor
totally recovered to the initial current, even at a high negative gate voltage of 1V, when
the drain current was limited in the A range (Figure 6a). There was an improvement in
response time, from32s Vg=0V)t09s (Vg = 1V), while the recovery times were 36
and 48 s, respectively. The repeatable response of the sensor indicated that the gate bias
modulation did not interact with the sensing mechanism. The sensor also exhibited good
stability in time. No signi cant change in transfer characteristics was observed when the
measurement was done as-fabricated sensor and 6 months later (Figure 6b).
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Figure 5. Silvaco TCAD simulation: ( a) conduction band energy at Vg =0V and (b) Vg = 1V, (c) electron concentration.

Figure 6. Repeatability of the sensor's response at gate voltages 1V (a) at 300 C and the stability of the sensor (b).

Figure 7a—d showed the response of the sensor under different concentrations of
NO, from 10 to 100 ppm at different gate voltages from0Oto 1V at 300 C. The sensor
exhibited a huge improvement in sensitivity for all concentrations of NO 5, (Figure 7e). The
sensitivity under 10 ppm of NO , was 6% atVg =0V and 45.4% atVg = 1V, whichis
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much improved when compared to other sensors based on AlGaN/GaN HEMTSs (Table 1).
The improvement of response time at lower gate voltages was also recognized (Figure 7f).

Figure 7. Response of the sensor under the different concentrations of NO, at different gate voltages of 0 V (a), 0.6V (b),
0.8V (c), 1V (d), sensitivity at different concentrations ( €), the response and recovery times as a function of gate voltage
(f), at 300 C.
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Table 1. The comparison of key parameters of NO , gas sensor.

Sensing NO, T lo Sensitivity ( S)/ Response Recovery
Materials Structure (ppm) (O (mA) Response (R) Time (s) Time (s) References

Pt HEMT (Vg =0V) 10 300 35 S=1% ~4 min ~4 min [21]

Pt HEMT ( oating gate) 10 300 33 S=5.5% ~2 min ~5 min [22]

Pt HEMT (Vg =0V) 100 300 43.8 S=7% ~3 min ~2 min [23]
SNnS/RGO 3D 8 RT - R =49.8% 153 76 [32]
F-SWCNTs Thin Im 50 RT - S=37% 4 min ~8 min [33]

MoS; p-n :
junéi on Thin Im 20 RT - R 90 150 30 [34]

Pt HEMT ( oating gate) 10 275 33.9 S$=51% 56 285 [35]

Pd HEMT (Vg =0V) 10 300 0.74 S=6% 32 36 This work

Pd HEMT (Vg = 1V) 10 300 26 A S=45.4% 9 48 This work

4. Conclusions

We demonstrated the optimization of NO , gas sensor's performance by adjusting
the gate bias of NO, gas sensor based on Pd-AlGaN/GaN HEMTSs, which is a superior
advantage compared to Schottky diode-type sensors. The sensor exhibited a notable
improvement of the sensitivity and response time when biased at 1 V. The physical
mechanism of this phenomenon was explained by the reduction of channel electron density
in TCAD simulation.
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GaN was epitaxially grown in 1969 by Maruska and Tietjen [ 2] by hydride vapor phase
epitaxy (HVPE) on a sapphire substrate [3]. In this process, gaseous hydrogen chloride
initially reacts with liquid Ga at a temperature of approximately 880  C to form gallium
chloride (GacCl3). In a reaction zone, the GaCl is brought close to a GaN crystal nucleus
at temperatures between 1000 and 1100 C. Here, the GaClz reacts with the in owing
ammonia, releasing HCI to form crystalline GaN, which crystallizes preferably in the
(hexagonal) wurtzite structure [4].

GaN crystals can be grown on a variety of substrates, including sapphire, silicon
carbide (SiC) and silicon (Si). By growing a GaN epi layer on top of silicon, the existing
silicon manufacturing infrastructure can be used, eliminating the need for costly specialized
production sites, and leveraging readily available large-diameter silicon wafers at low cost.

In 1993, using metal organic chemical vapor epitaxy (MOVPE), Asif Khan et al. [ 5]
grew the rst AlGaN/GaN heterojunction. Despite a moderate crystallographic quality,
the mobility of the 2DEG, at the AlGaN/GaN interface was around 600 cm 2/Vs. This
achievement can be regarded as the start of a quest for nitride high-electron mobility
transistor technology [6].

In 1999, Ambacher and colleagues [7] proposed a model to analytically describe the
2DEG properties of AlIGaN/GaN heterostructures. Today, this model has been widely
adopted by the GaN community. In the same year, Sheppard et al. [ 8] demonstrated
high-power microwave HEMTs based on AlGaN/GaN heterostructures grown on a silicon
carbide (SiC) substrate.

In 2000, the nature of the 2DEG was further clari ed by Ibbetson et al. [ 9], attributing
a key role to the surface states present in nitride materials as source of electrons. A listed
historical summary can be found by Roccaforte and Leszczynski [ 10]. Binary AIN/GaN
HEMTSs are preferably grown by plasma-assisted molecular beam epitaxy (PA-MBE), as
well as metal-organic chemical vapour deposition (MOCVD), which is also known as
metal-organic chemical vapour phase epitaxy (MOCVPE) [ 11,12]. The latter method, which
is likely to dominate by more than one magnitude, has gained increased attraction, since
MOCVD offers simple fabrication of large quantities, as requested in commercial use for
the production of complex semiconductor structures [13] (Figure 1).

Figure 1. Schematic drawing of the GaN HEMT heterostructure. Dotted line shows the 2DEG area.

In contrast to the well-known silicon, the structure of these HEMT comprise not only
from a single element, but from at least two, or more, including gallium arsenide (GaAs),
gallium nitride (GaN), indium phosphide (InP) and aluminium nitride (AIN). Since they
are arranged according to the periodic table, from rows Ill. and V. of the main group,
they are called IllI-V semiconductors. A 2DEG is inherently present in the AIGaN/GaN
heterostructure, the presence of which is the basis for the operating principle of HEMT
devices [10]. HEMT devices were structured from 3 m thick Ga-face GaN Ims that were
grown by MOCVD (TopGaN Ltd., Warsaw, Poland) on a 330 m thick c-plane sapphire
substrate, followed by a 2.8 m GaN layer, a 25 nm Al g ,5Gag 75N layer, a 3nm nominally
undoped GaN capping layer, and an 88 nm isolation layer. The 2DEG formed just below
the heterojunction interface had a sheet carrier concentration of nopeg 8 A~1012 cm 2
and a mobility of 1100 cn?/Vs at 300 K. In-depth fabrication methods and physical
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properties of the HEMT devices are described elsewhere [14,15]. Photolithography and
reactive ion etching steps were performed according to standard procedure described
in detail in Howgate et al. [ 16]. The ohmic contacts with 200/800/100/900 A stacks of
Ti/Al/Ti/Au de ned by lithography were fabricated by evaporation steps [15] (Figure 1).
This process produces contact electrodes without affecting the 2DEG conduction.

One of the key features of these heterostructures is the formation of the 2DEG and
the resulting properties. The simulation of the Al content in the Al-rich heterostructure
(software “Nextnano”) showed dependence on the Al concentration—the lower the Al
content in the channel, the higher the electron density—and reached signi cant values
well-above 2 10'%/cm 2 [17]. The band gap of the AIGaN layer can be varied by changing
the ration of Al to Ga present within the AlGaN layer. The bandgap varies approximately
in accordance with Vengard's Law [ 18]. A striking feature of the lateral GaN HEMTs is the
zero-charge feedback. Due to the absence of p-n junctions and current ow in a polarization
induced 2DEG, reverse operation starts when the drain voltage falls below the sum of the
gate potential and the threshold voltage, thus creating a reverse channel. Furthermore, due
to the expansion of the space charge layer along GaN/AIGaN interface within a basically
undoped substrate, the output capacitance shows a very linear characteristic [19].

Since the 1990s, GaN has been used in opto-electronics, commonly in light emitting
diodes (LED). GaN emits a blue light, used for disc-reading in Blu-ray. Additionally,
GaN is used in semiconductor power devices, RF components, lasers, and photonics with
an overall reduction of electric power consumption. However, superior features of GaN-
based HEMTs compared to Si-based devices, such as faster switching speed, higher thermal
conductivity, and lower on-resistance, outcompete Si-based solutions in many areas. Hence,
the overall nitride device market forecasts for the next years are much brighter compared
to those of the other compound semiconductors. According to the market analysis report
of Grand View Research, the global GaN semiconductor devices market size was valued
at USD 1.65 billion in 2020 and is expected to expand at a compound annual growth rate
(CAGR) of 21.5% from 2021 to 2028 2Q]. Their wide bandgap and high stability make them
a perfect material for high-power and high frequency transistors present in the market. For
those reasons, the term “GaNi cation” was created for the revolution expected in modern
electronics and opto-electronics [10].

In our view, and by analogy, a change of paradigm can be expected from GaN-based
X-ray detector technology for the development of GaN-based devices described above. In
contrast to the notion that GaN layers are poorly suited for X-ray dosimetry, held back
in 2008, it can be demonstrated that a GaN thin Im arranged on a carrier substrate with
a thickness of <50 m, provided with ohmic contacts, allows a sensitive, reproducible direct
detection of X-rays with an energy of 1-300 keV (up to values inthe Gy range) [21,22]. The
functional principle of the GaN thin Im radiation detector fundamentally differs from the
conventionally available direct semiconductor detectors for X-ray radiation, as it requires
a simple resistance or conductivity measurement, such as a photoconductor [23].

With regard to the application of X-rays in today's medicine, CT scanning is the
method of choice. CT scanners use computer-controlled X-rays to create images of the body.
At the same time, the effects of radiation and increasing health concerns hinder the market
growth of CT scanner devices and equipment. Radiation coming from manmade sources,
such as CT scans, nuclear medicine scans, and PET scans, carry major health hazards and
risks. Accumulated low doses can cause cancer in the long run. The medical justi cation
for performing CT imaging is that the anticipated bene t exceeds the anticipated radiation
exposure risk. Thus, an optimal dose of radiation to accomplish the diagnostic task should
be used. However, this optimal dose is not always known to the practitioner, resulting in
a wide spectrum of radiation doses being used, even for common diagnostic tasks [24,25].

The increasing awareness of risks associated with radiation exposure triggered a vari-
ety of dose-reduction techniques, such as tube current or tube voltage modulation, auto-
matic exposure control, and low-kilovolt scanning [ 26], where a dose reduction between
10% and 30% is possible, depending on examination type. Compared to the real-time
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analytical reconstruction method, ltered back projection (FBP) [ 27], which has reached
its limitation and does not allow for further dose reductions, vendor-speci c iterative
reconstruction algorithms were introduced, which allow further dose reductions [28,29].

Altogether, there remains a strong medical need for means to reduce the effective dose
in CT-scanners. We address this need with a proprietary detector technology based on GaN
thin Im. Compared to current CT detectors that use indirect converter systems, direct
converter photon counting results in a breakthrough for X-ray and CT-scans in reducing the
photon energy, from up to 130 keV [ 30] to 5 keV [ 16]. The effective dose can be minimized
in the state-of the art dose applied in the routine X-ray and CT-scans of today. In the
following section we describe the working principle and imaging potential of GaN-HEMT
mesa structures.

3. X-ray Detection Using Semiconductor Material

In 1946, R.S. Ohl discovered the p-n junction in silicon, which can be used for particle
detection [31]. Electron—hole pairs are the basic information carriers in semiconductor
detectors. Electromagnetic radiation (X-ray and gamma ray) and particle radiation (alpha
and beta radiation) generate free charge carriers, electrons, and holes in the semiconductor
along the pathway taken through the detector. By capturing these electron—hole pairs, the
detection signal is formed (Figure 2). Whether, and how many, electron—hole pairs are
generated by the incident ionizing radiation depends largely on the size of the band gap
energy. This band gap, or forbidden zone, describes the energetic distance between the
valence and conduction band. When photonic energy is supplied to the band gap area,
valence electrons are excited into the conduction band. These electrons in the conduction
band can absorb energy from an electric eld and, together with the resulting defect
electrons, i.e., holes from the valence band, make the material conductive.

Figure 2. Principle of the formation of electron—hole pairs with ionizing radiation. Bands determine
the density of available energy states. E = energy of electrons.

In X-ray detection, the photon emits the entire charge corresponding to its energy
at one point in the matter due to a photoelectric effect, which leads to the formation of
secondary electrons [32]. A primary electron is lifted from the valence band into the
conduction band. Due to its high kinetic energy, numerous secondary electrons and
phonons are formed in the process. At higher photon energies (50 keV to 1 MeV), the
Compton effect also occurs, in which only part of the energy is transferred to the electron
and deposited in the detector.

These generated electron—hole pairs are electrically ampli ed and can be read out. In
the manufacture and structuring of semiconductor detectors, the combination of different
conductive areas, doping, is used. Electric elds are applied across these, and the charge car-
riers generated by the radiation can be transported or ampli ed within the semiconductor.
The principle of operation is that of a diode (Figure 3).

There is a much higher density of conduction electrons in the n-type region of the
semiconductor and vice versa in the p-type region. The junction represents a discontinuity
in electron density, and a net diffusion from the high-density side to low density occurs
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for both electrons and holes. The effect of the diffusion from each side of the junction is to
build up a net negative space charge on the p-type side and a net positive space charge on
the n-type side of the junction, compared to the rest of the p- and n-type. The accumulated
space charge creates an electric eld that reduces the tendency for further diffusion. At
equilibrium, the eld is just adequate to prevent additional diffusion across the junction
and a steady state charge distribution is established. The region over which the imbalance
occurs is called the depletion region [32].

Figure 3. Schematic sketch of a p-n junction.

This depletion region acts as a radiation detector. The electric eld sweeps electrons
created in or near the junction back toward the n-type material, and any holes are swept
back toward the p-type material; the motion of these electrons and holes creates the electric
signal. However, the contact potential is too low to generate electric elds that will move
charge carriers quickly. This can lead to incomplete charge collection, as charges have
time to be trapped or recombine. This means that the noise characteristics of an unbiased
junction is poor. In addition, the thickness of the depletion region is quite small, so only
a small volume of the crystal acts as a radiation detector, which requires an extension of the
depletion region [33].

As a general rule, semiconductors with larger atomic masses absorb more X-ray
photons, which enhances the response of the detector, but tend to have a smaller band
gap energy, which degrades performance in terms of dark current. In addition, low band
gap materials are generally more mechanically fragile and prone to damage by irradiation
than wide band gap materials [ 34]. The collection of electrons is better than that of holes,
due to their larger mobility and the residual n-type doping in GaN. Some holes become
trapped, resulting in a positive charge in the layer. When the bias voltage is large enough
to produce a dark current comparable to the photocurrent, the contacts inject additional
electrons to balance the positive trapped charge, until electrons recombine with the trapped
holes. The longer the electron trapping time, the greater the additional current, the greater
the photoconductive gain and the longer the response time. This behaviour is general
and common. It must be distinguished from what was observed in [ 35], where strong
nonlinearities and quenching by visible light were observed, and explained by defects
activated by X-ray illumination. The GaN was undoped, and the dark currents were
low and completely dominated by tunnel currents, which are highly sensitive to defects.
This is not the case when the GaN is doped, and the currents are quasi-ideally described
by thermionic emission [ 36]. A low energy is required to generate an electron—hole pair
in semiconductor materials (3 eV for germanium) compared to the energy required to
generate an electron-ion pair in gases ( 30 eV for typical gas detectors) or to generate an
electron—hole pair in scintillators (100 eV) [32].
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As aresult, alarge number of electron—hole pairs are produced and reach the electrodes,
increasing the number of pairs per pulse and reducing both statistical uctuation and the
signal/noise ratio in the intensi er. This is a major advantage over other detectors, and the
output pulse provides much better energy resolution. Moreover, the small sensitive area
used to detect radiation (a few millimetres) and the high velocity of charge carriers provide
an excellent charge collection time ( 10 7s).

At this moment, when ionizing radiation interacts with the semiconductor in this
depleted region, electrons are lifted into the conduction band, leaving holes in the valence
band and creating a large number of electron—hole pairs. When a voltage is applied to the
semiconductor, these carriers are readily attracted to the electrodes, and a current ows into
the circuit, resulting in a pulse. The size of the pulse is directly proportional to the number
of carriers collected, which in turn is proportional to the energy deposited in the material
by the incident radiation. In semiconductors, electrons can be also thermally excited from
the valence band to the conduction band as the temperature increases. Therefore, some
semiconductor detectors must be cooled to reduce the number of electron—hole pairs in
the crystal in the absence of radiation. Table 1 summarizes and compares relevant features
characterizing a radiation sensor based on the diode principle, the GaN-HEMT and the
2DEG-intensi er.

Table 1. Comparison of the functional principle of the diode, GaN-HEMT, and 2DEG intensi er.

Feature Diode GaN-HEMT 2DEG Intensi er
Contacts Scr;(_);t’kgig_h dr;:)ig,evsvith ohmic ohmic
Detection principle diode FET MOSFET
Depletion layer yes no no
Current ow no yes yes
Aging yes no no

Quality feature dark current signal/noise ratio signal/noise ratio

enlarge depletion adaption of electrical alteration of gate

Increasing sensitivit -
9 y layer conductivity voltage

Another important parameter for qualifying a semiconductor material for X-ray imag-
ing is the signal to noise ratio (S/N)—the higher the S/N ratio, the better. The band gap is
a critical factor. On the one hand a large signal is produced by many electron—hole pairs.
This can be achieved by low ionizing energies in small band gap materials. On the other
hand, only a few intrinsic charge carriers are generated in materials with wide band gap,
resulting in low noise.

Before using the GaN-HEMT devices for X-ray imaging, these sensors showed their
potential in particle and electromagnetic radiation sensing. A summary review of AlGaN
sensing applications can be found in Upadhyay et al. [ 37]. A comprehensive review was
published by Wang et al. [ 22]. a-particle detection was rst realized using a GaN double
Schottky contact device. Detection was performed using a 5.48 MeV a-particles emitted
from an 241Am source [38]. In addition, 500 m thick bulk GaN-sensors in a sandwich
structure showed a-particle detection [39].

When operating the open-gate GaN-HEMT sensor in a mesa structure formation,
where an ohmic contact is realized on the cap layer, the device can detect  -radiation
and functions as a dosimeter [40]. During exposure of the device to -particles, energy is
transferred in either ionizing or non-ionizing interactions [  41]. In ionizing events, (e */e )
pairs can be produced within the sensor. The pairs generated in the vicinity of the het-
erojunction are separated by the internal electrical eld, and the electrons subsequently
accumulate in the 2DEG, contributing to its charge carrier density. Positive charges, on the
other hand, drift into the bulk or towards the sensor surface, in turn contributing to the
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bulk conductivity. The resulting charge separation causes a photovoltage, that affects the
position of the 2DEG relative to the Fermi level, thereby capable of considerably altering
the charge carrier density considerably and thus giving rise to high gains [16].

Detection of X-rays with GaN thin Im is dif cult due to the low absorption coef cient,
and both theoretical calculations and experimental measurements show that the absorption
coef cient is only large for photon energies between 10 and 20 keV [ 21]. Our GaN thin
Im high-mobility heterostructures were tested with X-ray sources from 40 to 300 keV
Bremsstrahlung. We found that the photoconductive device response exhibits a large gain,
is nearly independent of the angle of radiation, and is constant within 2% of the signal
throughout this medical diagnostic X-ray range, indicating that these sensors do not require
recalibration for geometry or energy [42].

4. GaN-HEMT Based X-ray Imaging

Our GaN-HEMT sensors can operate in two different modes, depending on the X-ray
tube voltage. For detection of higher acceleration voltages, tested from 40 to 150 kV, the GaN
thin Im works as the detector, while for low voltages, tested from 5 to 7 kV, the HEMT
structure is employed. A detailed description and characterization of the GaN-HEMT
device can be found in Hofstetter et al. [42] and Howgate et al. [16].

The imaging potential of the GaN-HEMT mesa structure was demonstrated using
human phantom segments. For this purpose, individual sensors were attached to a two-
dimensional translation stage (SH4018L1704 stepping motors, Telco, Houston, TX, USA)
and scanned under human phantom segments, while simultaneously recording the device
response. An acceleration voltage of 150 kV was used. Positioning of the translation
stage, source meter, and data acquisition were controlled by a LabView program 8.6 code
(National Instruments, Austin, TX, USA). The source meter provides the possibility of
simultaneously biasing the detector (U sp) and measuring the current (I sp). The integration
time for a single data reading is characterized by the number of power line cycles, NPLC.
Here, one PLC at 50 Hz results in 20 ms, and integration time was set to NPLC one.
Measurements were performed with a data acquisition frequency in the 10 Hz regime.
Unlike other semiconductor detectors, images were recorded at room temperature without
an additional cooling of the sensor material. Although such devices have the potential to be
easily miniaturized to form high-density pixel arrays for imaging purposes, the chips we
fabricated were 5 3 mm?, with an internal active area of 2.8 1 mm?, and only contained
one single device, thus limiting the pixel dimensions to this size. Several hundred pictures
were acquired at different offsets from the centre position of each pixel, with an acquisition
time of 200 ms, and the recorded data were recombined into a single image by interpolation
and averaging. The two-dimensional data were plotted on an 8-bit X-ray scale contour map
(Figure 4) [2343]. A detailed description of the used mesa HEMT sensors and experimental
results on X-ray dosimetry and imaging are presented in Hofstetter et al. [42].

Unlike most established semiconductor X-ray detectors, in which photo-excited
electron—hole pairs are separated and collected via an internal space charge region, our de-
vices are operated without the intentional formation of a depletion layer. The photocurrents
of GaN-sensors are monitored with the application of a small DC voltage between two
ohmic contacts. Although space charge regions are present, due to surface band bending,
interface band alignment, and extended defects, the measured current primarily ows in
parallel to such depletion regions, rather than through them. Illlumination leads to non-
equilibrium concentrations of free carriers, which reduce the total volume of the depletion
regions, and, in turn, increase the effective volume of the material through which carriers
can be transported, i.e., both conductivity and conductance are increased. As a result,
the photocurrent response is not directly limited by the direct conversion of absorbed
energy into free charge carriers, and the devices can function as X-ray sensitive sensors
with signi cant internal intensi cation. Due to the light and temperature sensitivities of
the devices, all measurements were performed with careful exclusion of stray light and at
room temperature [42].
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Figure 4. The 8-bit X-ray grey-scale contour maps recorded using GaN-HEMTs (the total device size
is indicated (white) and the active area (blue)) of a human ( @) wrist and ( ¢) index nger phantom.
Optical pictures of the scanned (b) wrist and (d) nger phantom. ( e) Side view of a 3D plot of the data
in (c) compared to an optical image in the same orientation ([42]; copyright IOP Publishing, 2011).

Compared to other semiconductor detectors, which are based on a measurable current
due to the separation of electron—hole pairs, our GaN sensors show effects that can be
described with this simple model of charge carrier generation, as in photovoltaics.

The GaN-HEMT works as a direct X-ray converter, and the mode of operation is based
on the photo effect (photoconductive or photoelectric effect). The photo effect summarizes
three closely related but different processes of photon interaction with matter. In all three
cases, an electron is released from a bond, i.e., in an atom, in the valence band, or in
the conduction band of a solid material, dissolved by absorbing a photon. The energy
of the photon must be at least as high as the binding energy of the electron (photo- or
Compton effect).

A distinction is made between the external and internal photoelectric effect (Auger
effect). The latter is crucial for the GaN-HEMT. In the case of the internal photo effect,
a bound shell electron is released in a solid through photon absorption, but without leaving
the body. This occurs in semiconductor materials and insulators. The photoelectrons and
the holes created at the same time increase the electrical conductivity.

Photoconductivity is the increase in the electrical conductivity of semiconductor
materials due to the formation of unbound electron—hole pairs during irradiation. The
electrons are lifted from the valence band into the energetically higher conduction band by
means of the energy of the photons, for which the energy of the individual photon must at
least correspond at least to the band gap of the irradiated semiconductor. Since the size of
the band gap depends on the nature of the material, the maximum wavelength of the light
up to which photoconduction occurs differs depending on the semiconductor.

5. GaN/AlGaN HEMT—2DEG Intrinsic Intensi er

The GaN-HEMT sensor follows the basic principle of a metal-oxide-semiconductor
eld effect transistor (MOS-FET), a voltage-controlled circuit element whose conductance is
controlled via the gate-source voltage. The intrinsic intensi er, such as a HEMT consisting
of a heterostructure of GaN (Eg = 3.4 eV) and Alg 26Gap 74N (Eg = 4 eV), operates accordingly.
Since the band gap of AlGaN is larger than that of GaN, a 2DEG is formed at the interface
of these two materials on the GaN side, which can serve as a conductive channel. One of
the most interesting features of Al xGa;_«N is the possibility of tailoring the energy gap, and
thus the inherent 2DEG, by varying the Al concentration, with Al working as a dopant.
When using the energy band model, the piezoelectric polarization and the resulting internal
electric elds occurring in the AlGaN/GaN interface cause the conduction band to bend
below the Fermi level, resulting in the accumulation of free electrons in a potential well
(Figure 5). Typically, the 2DEG is characterized by sheet carrier density values in the order
of 1013 cm 2 and mobility in the range of 1000-2000 cm?/Vs [10].
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Figure 5. Energy band diagram of a HEMT with 2D electron gas. Schematic representation of the
band-bending of the conductive band at the GaN/AIGaN material interface. The conduction band is
bent below the Fermi level, which leads to an accumulation of free electrons in the potential well.

With regard to the operating principle of AlIGaN/GaN heterostructure, X-rays change
the conductivity of the 2DEG. When an electron—hole pair is generated, this results in charge
separation due to the built-in electric eld, perpendicular to the heterojunction plane. As
a result, electrons drift into the 2DEG channel, and the holes drift into the volume and
surface regions of the sensor. Since the GaN-HEMT sensors are more or less transparent, the
absorbed energy is roughly constant as a function of depth, comparable to the linear energy
transfer, through the sensor structure, and most of the electron—hole pairs are generated
inside the much thicker GaN-buffer layer.

This charge separation, and the associated accumulation of electrons in the 2DEG
channel, leads to an internal photovoltaic effect that causes a shift in the threshold potential.
As a result, the current response is proportional to the transconductance of the detector.
At a constant applied voltage, the current through the 2DEG forms a signal that can
be assigned to a dose rate. The layer structure is only a few nm thick, and the 2DEG
has no three-dimensional extension. Charge carriers generated by photons during X-ray
imaging in the GaN-buffer layer can now additionally fall into this potential well and form
an inversion layer with high carrier density and mobility. This has a direct impact on the
photo-generated current.

Thus, an area-dependent, or volume-independent, measurement takes place in the
HEMTs, which is a decisive criterion, especially for high-resolution dosimetry (e.g., the
formation of artifacts, or distortion of the measurement signal). The measurement signal in
the 2DEG is generated in <10 3 s. Due to the speci ¢ band structure and the piezoelectric
nature of both semiconductor materials, a triangular potential well is generated at the
interface. An important boundary condition is the constant Fermi level over the entire
structure (dotted red line, Figure 5).

Since the 2DEG is naturally present in the AlIGaN/GaN heterostructure, and the Fermi
level at the interface lies above the conduction band minimum (Figure 5), a current ows
between source and drain, even when the gate bias is zero. The output current of a HEMT
can be modulated by applying a negative bias voltage to the ga te, until a “threshold voltage”
is reached, at which the Fermi level is pulled below the conduction band edge of the AlGaN
layer and the 2DEG channel is depleted (Figure 5).

In summary, the triangular potential well is our tuneable switch for sensitivity; the
intrinsic intensi er (Figure 6). This means that the collecting of electrons and the constant
Fermi level can be changed by gate voltage [44].
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Figure 6. A plot of the source—drain current, as a function of gate—drain potential (reproduced with
permission from [16]; published by Wiley Online Library, 2012).

6. GaN/AlGaN HEMT Based X-ray Imaging

To demonstrate the potential of the intrinsic intensi cation principle of the GaN-
HEMT sensor, a single GaN/AlGaN HEMT sensor was connected to a computer-controlled
two-dimensional translation stage, to image the light bulb of a small ashlight. Scans were
performed using a Pt-gated device with a 500 m HEMT channel. Source—drain bias was
set to 120 mV, and the gate was biased to \i; = 3.5 V for intrinsic intensi cation. Control
and data acquisition were the same as described in Section 4. As indicated in Figure 7, the
spiral lament of the light bulb is clearly visible, and in the surrounding area the increase
of current shows an absence of material, indicating that the centre is hollowed out to form
a sealed cavity. In this proof-of-concept, we were able to achieve a detection range down to
50 m, with a photon rate in the 10 © counts per second regime. The acquisition time for
a single pixel was about 1 s due to motor movement and data acquisition time.

Figure 7. (a) A microscope image of the bulb shows the approximately 3 3 mm object witha50 m
thick spiral filament. ( b) High resolution HEMT X-ray image of a flashlight bulb. The 2 D and 3D images
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show the plotted X-ray data. Scans were performed with a Pt-gated device with a 500 m HEMT
channel. The source—drain bias was set to 120 mV and the gate was biased to \6 = 3.5 V. All
measurements were performed with 5 keV X-rays at room temperature. Reproduced with permission
from [43].

7. Summary and Conclusions

The fabrication of GaN heterostructures with improved quality, at economic scale, is
now mature. GaN-based devices are capable of signi cantly outperforming their silicon-
based counterparts. To date, little attention has been paid to GaN-based X-ray detection.
However, we believe that the introduction of a 2DEG channel, by adding AlIGaN/GaN
heterointerfaces into the GaN thin Im, will open another chapter in  GaNi cation [10],
as the tremendous sensitivity of GaN HEMT sensors will reach a new level of hardware
innovation, reducing the effective dose used today in routine X-ray and CT scans. Device
dimensions, i.e., pixel size, can be reduced by orders of magnitude using modern stan-
dard microfabrication techniques. Thus, there should be no practical constraints on the
production of large-area X-ray sensors based on pixel arrays. High-resolution imaging
using the shown integrated GaN HEMT pixel sensors should be possible based on our
proof-of-principle measurements [ 44,45]. The material properties of GaN heterostructures
such as robustness, light weight, and features such as room temperature operation without
cooling, excellent signal-to-noise ratio, and the 2DEG-based tuneable intrinsic sensitivity,
altogether form the basis for enabling a paradigm shift in X-ray detector technology.
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method may result in the formation of the damage zones on both sides of the wafer near
the ablated trench line, in the material layers on the “good” side of the substrate. Since
backside damage formation is undesirable effect of DLA, it may act as a limiting factor
for a wider adoption of DLA methods hindering the application of laser scribing for the
separation of electronics components on the transparent wafers. Thus, the investigation of
various operation regimes under destructive light mater interaction is crucial for processing
of transparent materials exploiting all advantages of the laser micromachining.

Damage phenomena were reported in the literature, regarding laser cutting of thin
sheets of transparent materials (glasses, fused silica) but without the electronic devices on a
backside. In particular, it was demonstrated that some damage to the rear side and volume
of the glass slab was made during the laser scribing process [6]. The damage on the rear side
of the Shott glass substrate was attributed to the laser radiation, escaping from the ablation
channel by refraction from the crater walls. In this case damage to the rear side of the
substrate can be avoided or signi cantly reduced by selecting S polarization (polarization
vector parallel to the laser scribing direction) which at oblique propagation angle has a
higher re ectance from the air-glass interface, compared to P polarization, resulting in the
peak uence of the refracted radiation too low to reach glass damage threshold.

In [7], band-like damage was observed on the backside of laser cut 100 m-thick
aluminum-borosilicate-glass. It was reported that the damage was observed for both S and
P polarizations, but was more pronounced in the case of S polarization (polarization vector
parallel to the cut line).

Some authors [8] attribute backside damage to the collision of laser-induced plasma-
generated stress waves: collision of longitudinal (compression) wave and Rayleigh surface
wave, excited on the back surface by the transverse (distortion) stress wave. In this case, it
was reported that when ablating the channel in 156  m-thick borosilicate glass two scans
(producing 20—-30 m depth channel) was enough to produce the damage lines on the back
surface. With increasing scan number, the depth of the channel increased and the damage
lines were appearing closer to the channel plane. The 117 m distance from the channel
to the damage zone was reported. In this case, 150 fs pulses at 800 nm wavelength, 50 J
pulse energy, and 1 kHz repetition rate were used.

In[9], pump-probe experiments of laser irradiated glass, supplemented by simulations
using linear beam propagation method, demonstrated that when ablated crater reaches a
certain depth, part of the irradiation energy is deposited in the relatively narrow regions
extending from crater sidewalls to the glass volume, at an angle (approximately 24 ) to the
glass surface. In this case, 80 fs, 47 J, 1 Hz, 800 nm laser irradiation was used.

In [10], the distance from the channel to the damage zone in a 90 m-thick fused
silica sheet was reported as 40.6 m. The rear damage mechanism was explained as local
intensity enhancements, caused by the interference of the laser radiation transmitted and
re ected in the glass/air interface on the backside of the sheet. Laser irradiation reaches the
back surface by refraction from the ablated crater wall and propagation to the rear interface
of the sheet. The irregularity of the damage zone was explained by local modi cations of
the refractive index near the ablated crater. It was reported that P polarized laser beam
produces a weaker damage zone due to the low re ectivity of the P polarization at the
fused silica/air interface (compared to S polarization). It was proposed to put the fused
silica sheet in the distilled water during the laser processing thus further reducing the
re ectance at the glass/air interface.

In[11], 10 ps laser pulses were used to ablate Corning Eagle XG and Gorilla glasses.
In this case, several types of damage to the rear side of the glass plate were observed. At
low scan numbers, circular damage areas with a diameter similar to the focused laser beam
diameter, which can be attributed to the diffraction pattern from the laser, formed opaque
zone on the front side of the glass plate. At higher (several hundred) scan numbers line-like
damage zones on the rear side of the sample at both sides of the cut were manifesting. The
distance from the cut line (for 0.7 mm-thick sample) varied with the scan number from
170 mto500 m. Atlarge scan numbers, several distinct damage lines could be observed.
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In [12], ablation of channels in fused silica were compared with theoretical model
and provided quite good agreement. It was suggested that laser radiation experiences
interference in the material surrounding the ablation channel due to interference of ra-
diation refracted from the channel walls, re ected and refracted from the channel walls,
and entering the material from the region surrounding the crater, where uence is too low
for nonlinear absorption. Spike-like damage regions emanating at an angle to the crater
walls were observed experimentally and also replicated in the model as regions of high
free electron density.

The aim of this paper was to investigate the formation of damage zones in the coating,
deposited on the backside of the transparent substrate, during the laser scribing, using
various laser processing parameters. Formation of damage zones in backside coatings in
a broad range of various thickness substrates was performed. A method to reduce the
area of the damage zones by oblique laser beam scanning was presented and validated by
laser-machining of SiC wafers with real AlIGaN/GaN heterostructures and high-electron
mobility devices on a backside.

The effect of laser beam damage to the surface morphology and the performance of
real electronic devices made on GaN/AlGaN heterostructures, grown on the back side
of the sapphire or SiC substrates [13], was investigated. Additional research was also
performed on the transparent glass (soda-lime) substrates with a thin gold Im deposited
on the back side, to avoid unnecessarily high costs of material.

2. Experimental Setup

The samples were the 350-500 m-thick SiC and sapphire wafers with developed
semiconductor layers and metal contacts and the 0.15-4.4 mm thick soda-lime glasses
with a gold layer of 30 nm thickness, deposited on one of the surfaces by a DC sputter
coater Q150T ES (Quorum Technologies). The SiC and sapphire samples under processing
were attached to the glass plate with an optical cleaning tissue in between, trying to
avoid scratching of the semiconductor layers and metal contacts. Soda-lime samples were
processed using a special holder so that the processed zones had no physical contact with
any substance on both sides (sample was hanging in the air).

The experiments were conducted using picosecond laser Atlantic (Ekspla): fundamen-
tal harmonics wavelength 1064 nm, pulse energy up to 150 J, pulse repetition rate up to
1 MHz, pulse duration 10 ps, second (532 nm) and third (355 nm) harmonics available. A
laser beam was focused using one of the focusing 50 mm or 100 mm focal length lenses for
355 nm, and a 50 mm focal length focusing lens for 1064 and 532 nm. Spot size radii using
1064 nm and 532 nm wavelengths were 19.5 m and 12.5 m, respectively. A laser beam
was scanned by displacing the sample with respect to the laser beam using XYZ translation
stages (ALS10020, Aerotech). Scanning speed of 10 mm/s and 100 kHz pulse repetition
rate was used for all scribes in the gold coated soda-lime samples. Scanning speed of
100 mm/s and 400 kHz pulse repetition rate using the third harmonics was employed
for trench ablation in the SiC and sapphire wafers. Polarization was controlled using an
appropriate half wave or quarter wave plate (see Figure 1).

The cross-section of the ablation channel was investigated by performing a perpendic-
ular scribe from the backside and breaking the sample along this scribe. After breaking,
the samples were cleaned with a deionized water in an ultrasonic bath.

Channel shape in soda-lime glass and damage to the layers deposited on the backside
of various transparent substrates were investigated using an optical microscope.
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Figure 1. Experimental setup. M—mirror, FP—phase plate, L—focusing lens.

3. Results and Discussion
3.1. Laser Scribing of SiC and Sapphire Wafers with Electronic Devices on a Backside

Figure 2 shows optical microscope images of laser ablated trenches in SiC and sapphire
substrates, which have AlIGaN/GaN heterostructures with electronic devices on a backside.
Ablation of trenches was performed always from the substrate side. Damaged areas on
the opposite side of the substrate near the cut line were found in the sample shown in
Figure 2b only.

Figure 2. Laser scribe trenches in @) SiC and (b) sapphire substrates with semiconductor and metal layers on the backside.
Laser cutting was performed from the substrate side. In ( a), the lenses with the focal length of 50 mm and 100 mm were
used to process vertical and horizontal trench lines, respectively. In ('b), 100 mm focusing lens was used. Formation of the
damage lines was observed on both sides of the wafer along the trench but on a sapphire substrate only.
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3.2. Point Damages

The properties of the damage generation were investigated in detail, employing
the 1 mm thick glass samples with a 30 nm thick gold Ims deposited on the backside.
Samples were irradiated by a focused laser beam for some duration without moving the
beam or the sample. Figure 3 shows typical damage shapes in a gold coating for several
polarization states. The damage areas formed at 800—1050 m distance from the irradiation
spot (black dot in the image center). It was seen that the damage zones formed in those
sections of the circular areas, surrounding the irradiation spots, which lie roughly parallel
to the polarization direction. The polarization is indicated by the double arrows above the
microscope images shown in Figure 3. The relatively large distance from the irradiated
spot to the damage zone, the ratio of distance/sample thickness 1, was in agreement
with the results reported in [ 6,10], where refraction from the crater walls was proposed
as a damage formation mechanism. The ratio damage distance/sample thickness 0.5
was considerably larger than those reported considering other known damage formation
mechanism by laser beam; for example, the beam diffraction from the ablated crater. The
diffraction of radiation from the opague zone in the irradiated spot (diffraction from
the inverse aperture) in the case of 1 mm thick substrate would produce high intensity
ring much closer to the irradiated spot (<50 m) with the ratio damage distance/sample
thickness < 0.05 [11].

Figure 3. Damage in the 30 nm gold coating on the backside of the 1 mm thick glass plate for various polarization angles,
indicated as black arrows above the images (a—d). The approximate polarization direction is illustrated by the arrows above
each image. Laser wavelength 1064 nm, uence 16 J/cm2, 1000 pulses per spot. Measurement labels are in micrometers.

3.3. Line Damages

The in uence of various parameters, such as uence in the spot size, substrate thick-
ness, orientation, and polarization of the laser beam, to the formation of damage zones
when ablating the trench in the back-side of the glass with thin metal coating was investi-
gated. Figure 4a shows a dependence of the distanced from the ablation channel to the
damaged area on the substrate thickness. It must be noted that in samples containing thin
glass substrates (less than 1.6 mm thick), higher-order damage zones also appear and the
number of damage zones increases with decreasing substrate thickness. The higher-order
damages can be explained by the internal re ection of the radiation, escaping from the ab-
lation channel, on the air/coating/glass and air/glass/interfaces (Figure 4b). The absence
of the higher-order damages in thick substrates can be explained by the relatively large
optical path length, resulting in the absorption of the escaped radiation. For example, for
soda-lime glass, if radiation escapes from the channel at 40 angle to the substrate, in 1 mm
thick substrate and is re ected from the glass/coating/air interface back into the substrate
it will propagate 2.6 mm, before hitting the glass/coating/air interface again. By using
the well-known relation, 1=1¢ exp( 4pk/l h)for the intensity attenuation inside material
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thickness h, losses inside the substrates of various thickness can be evaluated|y is initial
intensity, |—intensity after propagating material thickness h, kis the extinction coef cient,
| is the wavelength. The extinction coef cient for soda-lime at 1064 nm wavelength is

k=49 10 ©[14]. After propagation of 2.6 mm distance, the beam intensity is reduced by
14%, compared to the beam reaching the interface the rsttime. Note that losses due to
the transmission through the interface were not accounted. Having the same propagation
angle but a 3 mm thick substrate, it will result in a 7.8 mm propagation length and 37%

intensity attenuation.

Figure 4. (a) distance d from the laser scan line to the damage area in the gold coating on various thickness glass plates,
(1)—(4) denotes the rst, second, etc. damage zones, insert shows damage zones in the coating on 0.15 mm-thick substrate;
(b) illustration of the formation of high order damage zones by multiple re ections.

It is worth noting that no higher-order damage zones were observed in the sapphire
sample, as shown in Figure 2b. This can also be the result of the relatively low ablation
threshold of gold coating directly deposited on soda-lime substrate, due to low adhesion:
0.14 J/cm? and 0.04 J/cm? for 1064 nm and 532 nm wavelengths, respectively.

In Figure 5 experimental results on the variation of polarization state for 532 nm laser
wavelength are provided. Figure 5a shows the dependence of the distance from the plane,
containing ablated trench, to the damage zone on the laser spot size uence for S, P, and
circular polarization states. The S and P polarizations, in this case, are de ned as follows:
for S polarization the polarization vector is parallel to the ablated trench and for the P
polarization the polarization vector is perpendicular to the ablated trench (vector lies in
the plane containing trench cross-section and laser beam).

Orienting the polarization vector parallel to the trench (S polarization), we found a
signi cant reduction of the damage to the backside coating as shown in Figure 5b—e. It can
be seen that at low uence the damage to the coating using S polarization is signi cantly
smaller in comparison to those made using the P polarization. Explanation is a higher
transmittance of P polarized radiation through the air/glass interface at ablated trench
walls. Our results were in agreement with previous results reported in [ 6], demonstrating
the similar laser induced damage in the back surface of the Schott glass plate, However,
in [ 10] the opposite result (lower damage using S polarization) was reported for fused silica
samples. The result was explained by lower re ectance of P polarization at the backside
glass/air interface, resulting in the reduction of interference between incident and re ected
radiation at this interface, however, our experimental results unambiguously showed lower
damage generation using S polarization.

Some alterations in the backside coating could be seen even for S polarization at low
uencies (shown in Figure 5a as hollow symbols). Also, it can be noted that the distance
from the trench to the damaged zone depends on the uence and reaches a peak at about
5.5 J/cm? independent of polarization. This can be related to the change in crater shape
with increasing uence. Figure 5f shows dependence of the distance to the damage zone on
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the ratio of ablated trench width and depth when using S polarized laser beam. Itis evident
that the distance to the damage zone changes with the nal shape of the ablation crater.

Figure 5. (a) Dependence of the distance from the cut line to the damage zone on the laser uence for S, P and circular
polarizations. The distance was measured from the location, corresponding to the center of the ablation channel, to the

center of one of the side damage zones. b—e) Optical microscope images, showing the coating on the backside of the
soda-lime substrate after ablation of the trench, visible in the middle of the image, from the substrate side. ( f) Dependence
of the distance to the damage zone on the ratio between ablated trench width w and depth h. Laser beam polarization
directions are indicated by the arrows. All samples were prepared using 532 nm wavelength, 100 scans, 10,000 pulses

per mm.

In case the polarization selection is not suf cient to prevent damage in the coating,
the “dead zone” in the backside coating along both sides of the scan line can be reduced by
orienting a substrate at an angle to the plane, which contains the scanned laser beam. In
Figure 6 this is illustrated by comparing two cases: when the substrate is perpendicular
to the laser beam (Y = 0 ; Figure 6a) and when the substrate is rotated so that the angle
between the substrate and the beam scanning plane is 40 (Y =40 ; Figure 6b). The crater
is shown as a triangle shape due to its simplicity. The rays, showing the laser radiation,
propagates to the crater wall and are refracted, according to the Snell's law. In the case
of Y =0 zones containing the refracted radiation and reaching the backside coating are
formed on both sides of the crater. In the case of Y =40 at one side refracted radiation
is contained very near the ablation channel, and on the other side propagates into the
substrate at a shallow angle, resulting in both losses due to the absorption in the substrate
material and in a widening of the zone at which radiation reaches the backside coating, so
reducing the probability to damage it.
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Figure 6. lllustration of damage to the coating, deposited on the backside of laser scribed transparent substrate. (a) Schemat-
ically shows damage area when a trench is ablated in substrate oriented perpendicularly to the plane in which laser beam is
scanned; p) shows damage area when the substrate is oriented at 40 angle to the plane in which laser beam is scanned.

In Figure 7a, experimentally obtained dependence of the distance from the ablation
trench to the damage zones at both sides of the cut line on the angle between the substrate
and the beam scanning plane Y is shown. When Y =0 , two damage zones on both sides of
the ablation plane are formed at approximately 1000 m distance from the beam scanning
plane. While Y increases to about 20, both of these damage zones remain present, although
the damage zone on left-hand side becomes weaker, reduced to the isolated islands of
damaged or removed coating. Also, all damage zones shift to the left from the cut line
resulting in a moderate increase of the sum damage zone width (Figure 7b). At the same
time, an increase of the Y results in the formation of damage area, caused by irradiation
transmitted straight through the substrate, not directly beneath the cut line, but at some
distance from it due to the substrate orientation. When Y is further increased the damage
zone at the left-hand side becomes even weaker (Figure 7c) and completely disappears at
angles equal or larger than 28 , resulting in a sharp drop of the sum damage zone width
from 3000 m to less than 750 m. When 28 Y 44, aslight decrease of the sum
damage zone width can be observed (Figure 7b), caused by the right damage zone moving
beneath the channel, and impeded by the increasing width and distance from the cut
line of the damage zone caused by irradiation transmitted straight through the substrate
(Figure 7a,c).

It can be concluded that when the selection of the beam polarization is not possible or
does not provide suf ciently good results, rotation of a substrate at an angle to the plane
which contains the scanned laser beam can be used for reduction of the “dead zone” width
2-3 times. However, it must also be considered that fabrication time required to ablate
the channel, deep enough for breaking the substrate along it, in such case would increase.
Figure 8 shows the dependence of trench depth on the sample rotation angle Y for 532 nm
wavelength. The trench depth is reduced by 35%, when the substrate rotation angle is
changed from 0 to 42 , keeping other parameters constant.
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Figure 7. Evaluation of damage zones in the backside coating when changing the angle between the substrate and the beam
scanning plane Y. (a) shows the dependence of the distance from the ablation channel to the near and far limits of damage
zones formed in both sides of the ablation channel and beneath it (colored bands correspond to the particular damage zone);
(b) shows the dependence of the sum width of the coating containing damage areas in the vicinity of the ablation channel;
(c) shows cross-sections of the ablation channels and backside coating beneath the ablation channel for various angles
Y. Laser wavelength 532 nm, polarization direction perpendicular to the scan line (P), 100 scans, 10,000 pulsesper mm,

6.1 J/lcm?2.

Figure 8. (a) Dependency of the ablated crater depth on the sample rotation angle Y. Laser wavelength 532 nm, polarization
direction perpendicular to the scan line (P polarization), 100 scans, 10,000 pulses per mm, 6.1 J/icn?; (b,c) Channels, ablated
using Y =0 and Y =42 , respectively. Other parameters were kept constant: wavelength 532 nm, P polarization, 100 scans,

10,000 pulses per mm, 13.8 J/cn?.
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4. Performance of Electronic Devices

Finally, the laser ablation process was optimized and used to dice transparent wafers
with AlGaN/GaN heterostructures with various electronic devices. Before laser processing,
some of Schottky barrier diodes (SBDs) and High-electron-mobility transistors (HEMTS)
were selected for detailed investigation by measuring the |-V characteristics in the EPS150
probe station (Cascade Microtech, Beaverton, OR, USA) equipped with the source-measure-
unit SMU Keithley 2400 (Tektronix, Beaverton, OR, USA). Selected devices are indicated
by red color rectangle in Figure 9 and their respective electrical characteristics before
the processing are shown in Figure 10 by solid lines. Visible trenches appeared after
the laser ablation on the back side and are seen in Figure 9 due to the transparency of
the substrate. Using the optimized processing parameters, no visible damage to the
AlGaN/GaN heterostructures was observed along the ablation lines (see Figure 9). The
Schottky barrier diodes (SBDs) used for investigation are indicated by red color rectangle.
The depth of the trench was found to be about 270 m, as itis shown in Figure 11 (right),
and the width at the top was found to be about 30 m with obvious reduction down to a
few microns at the maximum depths.

Figure 9. Microscope images of the transparent SiC wafer with AlIGaN/GaN heterostructures and electronic devices being

in a focus and laser ablated trenches being on the back side. Red color rectangles indicate selected devices for investigations:
Schottky barrier diodes (left) and High-electron mobility transistor ( right ). Note that the trench line was made directly
under one of the diodes. Scale bar is 1000 m.

> >
O T T T T T OJ T T T T
T 1 6% 1 I SSIWHP@(07 = 3
O b - D = .
%HIRUH — 35 ol =" E
= $IWHU B N 9|7 ]
(@4 - . LL /'/ ’ E
T i ] o >% H I R4 Hic
(]
g i ] = /""/ 99 ]
L i ) Bt ]
x E 9 E
3 - 1 2 F '
1 1 1 N 1 N 1 N 1 N

*DWH YROWDJ

9ROWDJH 9

9ROWDJH 9

Figure 10. Current-voltage (I-V) characteristics of Schottky barrier diodes (SBDs) (a,b) and high-electron-mobility transistors
(HEMT) (c) located under (a) and near (approximately 250 m away) the trenches (b,c) formed in the back side of the
substrate by laser microfabrication. The samples were characterized before and after the trenches were processed on the
back side of SiC wafer in a depth of 270 m.
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Figure 11. Microscope image of edge of SiC wafer after cleavage along the laser processed trench line (eft) and zoomed
in area (right ). The depth of the trench formed by laser microfabrication in a perpendicular direction to image plane is of
about 270 m while the width varies from30 mdownto5 m or even smallest values going deeper inside the trench.

Scale bar is 200 m.

Current-voltage (I-V) measurements were performed on Schottky barrier diodes
(SBDs) before and after laser cutting in order to investigate possible laser-induced damage
to the active layers of the AlIGaN/GaN high electron mobility (HEMT) structure. As
seen in Figure 9, two SBDs were chosen in close proximity to the laser cutting lines. One
SBD was directly under the cutting line (labelled as U-SBD), while the other selected
for the investigation SBD (N-SBD) was approximately 250 m away from it. The |-V
characteristics of the rst and second diode after laser dicing are shown in Figure 10a,b
by dashed lines, respectively. The transfer characteristics of HEMT were measured in a
similar way and results are shown in Figure 10c. All results clearly demonstrate, that the
laser micromachining did not affect the 1-V characteristics of different electronic devices.
Moreover, by tting the low voltage region of forward current voltage characteristics
and using thermionic emission model, the ideality factor, n, and Schottky barrier height,
i b, Were extracted. The values of both parameters were found to be about n = 1.4 and
0.45 eV,respectively, without a noticeable change due to the laser ablation of trenches on
the SiC substrate. A small modi cation of I-V characteristics of all devices was attributed
to different ambient conditions during the measurements, estimating its deviation to be
within a range of 2%.

5. Conclusions

The in uence of various parameters, such as uence in the spot size, substrate thick-
ness, orientation, and polarization of the laser beam, to the formation of damage zones
when ablating the trench in the back-side of the transparent substrate with electronic
devices was investigated. The experimental results regarding minimization of the damage
to the backside coating were in agreement with the radiation refraction from the ablated
crater model described in literature for the back surface damage in a transparent material.
We found that the selection of laser beam polarization is not always suf cient to prevent
the damage in the coating. The “dead zone” in the backside coating along both sides of the
scan line can be reduced up to 2—-3 times by using an optimal orientation of substrate, found
to be at a 28 angle to the incident plane. However, in this case, the trench depth should be
additionally optimized. Proper settings of laser ablation for the selected SiC wafer with
back side heterostructures and electronic devices is validated demonstrating laser-based
microfabrication and substrate dicing without modi cation on the electrical characteristics.
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theory of utilizing crack generation and extension along a predetermined trajectory. The
development of the theory in this eld will further enrich the fracture behavior of micro-
nano manufacturing. Based on this method, green and ef cient cutting technologies for a
wide range of materials have been developed [3].

Currently, there are two major processes based on the thermal separation method:
non-premade trajectory cutting (NPTC) [4] and premade trajectory cutting (PTC) [5]. The
process of NPTC is: rstly, prefabricate a micro notch at one point on the edge of the sheet;
then, the thermal stress generated by the heat source scanning drives the force for crack
growth along the scanning track until the whole sheet is fractured. The process of PTC is:
rstly, a depth of cutting trajectory is performed on the upper or lower surface of the sheet;
then, the thermal stress generated by the heat source scanning drives the cutting track to
extend to the depth of the plate.

NPTC is mainly used for the rough machining of thicker glass and ceramic plates and
other thick materials, with no chips and microcracks in the middle of the cut trajectory.
The objectives of the researchers are to increase the cutting speed, reduce the trajectory
deviation, and improve the surface cutting quality. A practical method based on the
principle of the NPTC to increase the cutting speed is to change the shape of the heat source
energy distribution and application of cooling. Yamamoto et al. [ 6] used the elliptical
distribution CO , laser + water-cooled method for the thermal fracture cutting of glass. It
was shown that increasing laser heat source power or applying cooling measures could
increase the stress intensity factor at the initial crack to reach the threshold value quickly,
to increase the cutting speed. Abramov et al. [7] of Corning used laser-induced thermal
cracking to cut chemically strengthened glass. Another method to improve the cutting
speed is to use a body heating source. The researchers of the LEMI company from Japan
used a surface heating source—a tubular infrared lamp with an output power of 1 kW (for
body heating) was placed 200 mm above the material and superimposed on the LD laser
scan. However, the cutting speed without the IR lamp was only 23 mm/s [8].

The major problem in NTPC is trajectory deviation. Salman et al. [ 9] used a diode
laser to cut 5-mm-thick soda-lime glass at a speed of 33 mm/s. It was found that there
were severe trajectory shifts at the entrance and exit of the material. They simulated the
stress eld of the workpiece during the cutting process. It was found that the reason for
the shifted trajectory was that the tensile stress at the entrance and exit of the cut was huge.
Salman et al. [L0] also studied the stress distribution at the entrance and exit of the cut using
simulation. The arti cial neural network model and nite element model were applied,
respectively, for different thicknesses and laser scanning speeds. The results showed that
the prediction results of the arti cial neural network model were better than those of the

nite element model.

The surface quality obtained by the thermal cracking method effectively improves
bending strength. Kondratenko et al. [ 11] investigated laser-induced thermal cracking of
cutting glass with thicknesses of 4-19 mm. They compared the strength of 6-mm-thick glass
cut by mechanical, grinding, and laser. Finally, the quality of glass cut by the laser-induced
thermal cracking method was better, and the edge strength was 5.5 times higher than that
of conventional mechanical cutting.

Premade trajectory cutting is mainly used for the processing of liquid crystal dis-
play (LCD), plasma display (PDP), and at panel display (FPD). PTC is characterized
by faster cutting speeds and higher accuracy of the cutting trajectory. Many researchers
have expanded the applicability of the PTC method for material dicing. Kang etal. [ 12]
performed high-speed cutting of laminated glass. For PDP cutting, the authors used a
two-step cutting method of scribing and thermal cracking, which is more ef cient than
the one-step cutting method. A series of processing devices were developed based on this
principle. Huang et al. [ 13] created an implicit crack inside the glass using a 10 W 355 nm
Nd:YAG laser. Huang et al. [ 14] also introduced ultrasonic vibration into the Nd:YAG
UV laser and continuous CO , laser in the cutting system of LCD glass substrates. The
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results showed that the introduction of ultrasonic vibration could improve the cutting
speed greatly (three times the original speed).

Cross-sectional quality is signi cantly improved by using PTC. KIM etal. [ 15| used
a femtosecond laser for etching and a CO, thermal laser for cracking to separate LCD
glass. The experimental results showed that at low numbers of femtosecond laser pulses,
the glass damage was small and the groove depth was not deep enough. When the
number of femtosecond laser pulses was increased to six, the following CO , laser was
more effective in separating the glass by thermal stress. Wang et al. [16] conducted a study
on laser thermal cleavage-cutting crystal glass substrates and proposed a new grooving
and thermal cracking cutting method. Firstly, micro-cracks were created on the surface of
liquid crystal glass using the instantaneous high energy of a YAG laser. Then, the glass was
heated by CO, laser and cooled by Ar gas.

Stealth dicing [ 17-19] is another state-of-the-art dicing method where a pulsed laser, at
a wavelength capable of penetrating the material, is focused inside the substrate. Focused
laser spots cause an extremely high power density, both temporally and spatially, at
localized points. By moving the laser along the desired path at different depths, several
passes of the laser ablation points are formed. When external tensile stress is subsequently
applied, the dies are separated. The process is fast, clean, and has zero kerfs. However,
stealth dicing is typically combined with a mechanical breaking process. When it comes to
hard-brittle material such as SiC [ 20], this mechanical breaking process can cause serious
edge breakage and even cause wrong crack propagation and, nally, reduce the dicing yield.

In this work, we investigate a dual laser beam asynchronous dicing method by com-
bining stealth dicing and premade trajectory cutting. The laser-based cutting method
proposed in this work is clean, fast, and ef cient and does not involve any chemical agent
or liquid. The dependence of the laser process parameters on the cutting quality was
theoretical and experimentally investigated. The quality of the cut edge was thoroughly
analyzed by optical microscopy.

2. Materials and Methods

Figure 1 shows the whole set-up used in this study, which includes a 5 W-532 nm
femtosecond pulsed laser manufactured by NKT working under the condition of 750 fs
pulse duration, and a 10 W-1040 nm CW laser manufactured by IPG with customized
wavelength. The pulsed laser is focused on the interior of the SiC wafer by an objective
microscope lens to create bottom-up stealth dicing layers, while the continuous laser is sent
to a Galvano scanner system and used as a heat source to create thermal stress.

@) (b)

Figure 1. Con guration of a dual laser beam asynchronous dicing system: ( @) schematic diagram of experimental set-up; (b)
experimental platform with dual laser path.
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2.1. Dicing Method

The operation of the DBAD method in our experiments is as follows: rstly, stealth
dicing is operated on SiC. The pulse duration of the laser used in this process is 750 fs, and
the scanning speed is 3000 m/s. Through the ne control of focus depth and single pulse
energy, the surface has no visible cracks after the process. Then, a CW laser sweeps through
the trace of SD, and the internal cracks from the stealth dicing are extended vertically due
to the thermal stress. The parameters of the two lasers are listed in Table 1.

Table 1. Main parameters of the lasers.

Laser Parameters Pulsed Laser CW Laser

Wavelength 532 nm 1040 nm
Max power 5W 10w

Repetition rate 20~200 kHz N/A
Focal length 4 mm 140 mm

Beam diameter 8 m 20 m

Quality factor M2<1.1 M2<1.2
Beam mode TEMpg Gaussian

2.2. Samples

Brie y, 4-inch diameter silicon carbide (4H-SiC) wafers of 200 m thickness were
selected in this study; the physical properties of the material are shown in Table 2. The key
principle of this dicing method is to minimize cracks and chippings and realize the cutting
track as straight as possible. As a result of the wafers' brittle and hard characteristics,
different laser parameters lead to very different results.

Table 2. Physical properties of 4H-SiC.

Material Properties Value

Density 3210 kg/m 3

Thermal conductivity 490 W/(m K)
Constant pressure heat capacity 690 J/(kg K)
Coef cient of thermal expansion 43 10 81/K

Poisson's ratio 0.185

Young's modulus 7 101 pa
Absorption coef cient 30cm 1[21]

2.3. Numerical Molding

To better understand the heat accumulation process and stress concentration process
caused by the continuous laser, a two-dimensional nite element model (FEM) was es-
tablished. The thermal stress produced by the moving CW laser around the interior hole
produced by the previous pulsed laser is shown schematically in Figure 2. The height of
the voids produced by the pulse laser set in this model is 20 m, while the widthis5 m.
The size is approximately the same as the size of the hole created in the experiment.

High-intensity lasers, incident upon a material that is partially transparent, will
deposit power into the material itself. The absorption of the incident light can be described
by the Beer—Lambert law as it can be written in differential form for the light intensity | as:

W qz="(Ml, 1)

where z is the coordinate along the beam direction, and (T) is the temperature-dependent
absorption coef cient of the material. As the heating and subsequent cooling process can
vary in space and time, the evolution of temperature distribution is predicted by solving
the time-dependent partial differential equation:
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Figure 2. The schematic of the FEM model. (a) The stealth dicing process with the pulse laser, (b) the internal void produced
from (a,c). The crack growth process caused by the CW laser.

CoTT/ It r (kr T)=Q= (T, @)

where Q is the heat source, which is equal to the absorbed light; and Cp, are the density
and constant pressure heat capacity of the material, respectively. The formula of thermal
stress is given by:

F=Y("DT)/L o, 3)

where Y is Young's modulus of the given material, " is the coef cient of linear thermal
expansion of the given material, and L g is the original length of the material before the
expansion. These three equations are coupled with each other and are resolved using
COMSOL Multiphysics.

The component structure with mesh is shown in Figure 3. A cuboid model is estab-
lished with three microvoids inside, which are shaped like an ellipsoid to simulate the
micro-cracks ablated during the stealth dicing process. For balancing the demand for
simulating precision and computational ef ciency, the model is simpli ed to a mirror-
symmetrical model in the x—z plane, and in nity element layers are used for thermal
diffusion simulation of large wafers. The energy deposition is assumed to be a moving
Gaussian pro le and is modeled by a boundary heat ux in the x-y plane (z = 0); energy
depositions generate heat in the material, which can cause local stress concentrations
resulting from thermal expansion.

Figure 3. The diagram of the component structure with mesh.
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3. Results
3.1. Numerical Molding Results

Figure 4 shows the dynamic temperature change of the 4H-SiC material during CW
laser scanning when P = 10 W, v = 1000 mm/s. The maximum temperature inside the
sample is only 312 K, which is far below the melting point of 4H-SiC. It can be concluded
that the CW laser scanning process does not induce thermal damage to the substrate.

Figure 4. Moving laser heating material (10 W; 1000 mm/s).

Figure 5 shows the thermal stress at the endpoint of the long axis of the void-changing
process during laser scanning. The maximum thermal stress, 48 MPa, presents at t = 400
s, which indicates that 10 W of CW laser power is capable of generating enough thermal

stress for the separation process.

Figure 5. Thermal stress at the endpoint of the long axis of voids.

Figure 6 shows the thermal stress distribution change along the z-direction through
the center of three voids, as we can see a large stress gradient at both the endpoints of
the long axis of the ellipsoid; this is the main cause for the cracks to spread along the
z-direction.
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Figure 6. Thermal stress distribution along the z-direction.

3.2. Experimental Results

In this study, a series of experiments were conducted to cut SiC using a dual laser
beam asynchronous dicing method based on the nite element simulation. Based on the
principle of DBAD, single-pass stealth dicing is processed on the material, and then the
thermal stress is generated using the 8 W-1040 nm continuous laser to extend the crack.
Finally, the material is cut completely through the simple wafer expanding process. If the
stealth cutting operation and thermal cracking are performed simultaneously, it will lead
to misalignment and defects inside hard-brittle materials such as SiC, resulting in large
errors in the positioning accuracy of the subsequent process.

Figure 7 shows the experimental results of cutting the SiC wafer with a thickness of
200 musing DBAD compared with the simulation results. The surface of the material after
stealth dicing is illustrated in Figure 7a. There were processing traces with no remarkable
cracks. Then, a clear crack was performed through scanning using the continuous laser due
to the thermal separation, as shown in Figure 7b. Figure 7c shows the cutting pro le of SiC
with a thickness of 200 m. There was a line of three craters because of the process of SD.
The height of the craters was about 25 m, and the width was almost 9 m. Additionally,
it can be seen that the cracks from the thermal press could almost separate the material.
Finally, in Figure 7d, the wafer of SiC is completely separated after the simple wafer-
expanding process.

Figure 7. The results of cutting 200 m SiC. (a) The surface after the stealth dicing; (b) the thermal crack
from the continuous laser; ( ¢) the cutting profile; and ( d) the final separation after the expanding process.
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The experimental results are in agreement with the above FEM simulation results,
proving the correctness of the FEM simulation model and the effectiveness of the DBAD
method. The quality of processing is perfectly expected. Compared with traditional stealth
dicing, there was no serious edge breakage and no wrong crack propagation occurred
from the mechanical breaking process. During the stealth dicing operation, there was
no remarkable crack trace on the surface, so that the processing window was expanded
with an improved production rate. In addition, the following wafer-expanding process
maybe not be necessary, especially for the processing of thin hard-brittle materials. It is
also suitable for the processing of hard-brittle materials with a thickness less than 200 m.

4. Discussion

In our experiments, the effect of the changing continuous laser power on the DBAD
system was also studied. The thermal press is generated using a 1040 nm continuous
laser. However, the crack trajectory may be bent with the power of the laser rising to 10 W
compared with the crack using an 8 W continuous laser, as seen in Figure 8. The reason
for this phenomenon is still unknown. The effect of continuous laser parameters on the
DBAD process will be investigated deeply in subsequent studies. It is bene cial to nd
better laser parameters during the processing.

Figure 8. The crack from cutting the 200 m SiC using (a) a 10 W/1040 nm continuous laser and (b) an 8 W/1040 nm

continuous laser.

Miniaturization and performance enhancement drives the development of wafer
separation technologies. Especially for hard-brittle materials, chippings occur with a poor
cutting quality using mechanical dicing, while traditional stealth dicing with a mechanical
breaking process leads to edge breakage. It is shown that the validity of the DBAD
method is certi ed because of the above nite element simulation and experiments. The
processing ow for cutting hard-brittle materials is simpli ed by improving processing
quality compared with traditional processing. An effective method is provided, using dual
laser beam asynchronous dicing to cut hard-brittle materials such as SiC.

5. Conclusions

In this paper, a dual laser beam asynchronous separation method for SiC wafer dicing
has been put forward. In this method, a series of micro-cracks is rstly formed inside the
wafer through a stealth dicing process by controlling the focal depth; the SD process will
not induce visible cracks on the surface. Then, a CW laser is loaded on the dicing street,
and the thermal stress leads to the wafer separation process.

The absorption of the CW laser and the resulting thermal stress was calculated using a
nite element model. The simulation indicated that the tensile stress produced by the CW
laser heating in the upper and lower ends of the voids is the main mechanism of vertical
crack propagation. To get better separation quality, the moving speed and the power
of CW laser should be properly adjusted. Insuf cient laser power will weaken thermal
accumulation, and the SiC wafer will not reach its fractural strength. In contrast, excess
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laser power can cause unnecessary heat accumulation and potentially harm the circuit.
Based on the simulation analysis, an experimental machine was built, and several 4H-SiC
wafers with a thickness of 200 m were cut; a neat cutting side wall without chipping was
obtained. Through the experimental study, it can be determined that the proper depth of
the last SD layer can be 50 m below the surface, and the optimal moving speed of the CW
laser is 1000 mm/s; acting with 8 W of laser power, the fracture will propagate upward
stably, and the SiC wafer can be separated along the expected SD path.

This novel DBAD method provides an effective solution for wafer cutting, speci cally
for hard-brittle materials with a thickness less than 200 m, compared with other traditional
processing methods.
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The lattice parameters of the nickel oxide Ims at different annealing temperatures in
each crystal orientation were shown in Table 1.

Table 1. Lattice parameters of NiO Ims in different directions at different annealing temperatures.

Annealing Temperature ( C) a (117) (nm) a (200) (NM) a (220 (NM)
300 0.4170 0.4166 0.4178
400 0.4164 0.4168 0.4171
500 0.4162 0.4167 0.4169

As the annealing temperature increases, the lattice constant in the (111) and (220)
directions decrease (approximately from 0.417 nm to 0.416 nm), while the lattice constant
in the (200) direction hardly changes (about 0.416 nm). The lattice constant of the nickel
oxide crystal is about 0.416 nm [27,28], and the lattice constant of the (111) and (220) crystal
directions of the nickel oxide annealed at 300 C is slightly higher than this value, which
may be caused by lattice distortion. As the annealing temperature increases, the defects in
the crystal decrease, so the lattice parameters of each crystal orientation gradually approach
0.416 nm.

In Table 2, it is observed that the crystallite size increased with increasing annealing
temperature. The crystallite boundaries between the crystallites can be regarded as a type
of defect, and the annealing process improves the lattice energy and can reduce the defects,
thereby promoting the growth of the crystal crystallites. Therefore, as the temperature
increases, more energy is provided during the annealing process. The crystallinity of the
crystallites increased, and the crystallites grew larger, which is consistent with the above
analysis of the lattice parameters.

Table 2. Crystallite sizes of NiO Ims in different directions at different annealing temperatures.

Annealing Temperature ( C) D (111)(nm) D (200) (hm) D (220)(nm)
300 5.40 6.30 7.72
400 10.12 11.34 13.01
500 13.11 16.21 14.54

The band gap of the NiO Im can be measured and analyzed by an ultraviolet spec-
trophotometer. The optical band gap is distinguished from the band gap measured by
other methods. According to Equation (3), the optical band gap can be calculated [29] as:

ahv= A(hv Eg)" 3)

where a is the absorption coef cient, which can be measured by the ultraviolet spectropho-
tometer; his the Planck constant; n is the light frequency; A is a proportionality constant;
Egis the optical band gap; and n is a number which is 1/2 for the direct band gap semicon-
ductor and 2 for the indirect band gap semiconductor. In this work, nis 1/2 because NiO
was a direct semiconductor.

To further investigate the electrochromic effects on the optical band gap of the NiO
Im, the optical band gap of the NiO Im in a bleached state and colored state were
analyzed. The electrochromic test was performed on NiO with ITO as the cathode and
anode in a 0.5 mol/L KOH solution, and the applied potential was 2.5 V. During the
electrochromic coloration and bleaching processes, the following electrochemical reactions
take place in NiO layers [24,29]:

(BleachedNiO + OH $ (Colored)NiOOH + e 4)

(Bleached)Ni(OH), $ (Colored)NiOOH + H* + e (5)
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and coloring ef ciency of Ims prepared under different annealing temperatures indicates
that the electrochromic reaction of nickel oxide is more likely to occur at the crystallite
interface, and smaller crystallite size is more conducive to ion implantation. Therefore, the
nickel oxide explosion with a smaller crystal crystallite size can inject more ions, so that the
optical band gap of the nickel oxide Imis reduced, and more carriers are generated, which
results in a stronger optical performance change. Under the premise of forming nickel
oxide Im, the reduction of annealing temperature is conducive to the formation of smaller
crystallite size. The nickel oxide Im annealed at 300 C has a small crystal crystallite size
(6.47 nm), which is conducive to ion implantation to change the optical band gap and has
good electrochromic properties.
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Similarly, V y, had a drift of 45 V under NBS, as shown in Figure 7b. In addition,
with the increase of NBS time, the | o4 increased and the hysteresis phenomenon became
more obvious, which indicated that there were more defects in the In ,03 active layer, or the
adsorption of water and oxygen was more serious. This was due to the activation of a large
number of donors under NBS, such as impurities in the In ,03 Ims, and these electrons
were removed from the active layer by the electric eld. At the same time, the donors
were positively charged after losing electrons, which were absorbed near the In ,03/Si 3N 4
interface. When the bias voltage changed from 50 V to 0 V, the electric eld cannot
remove all the electrons generated out of the channel. Also, most of the electrons were not
easy to compound with donor-like vacancies, but directly formed channel current under
voltage, resulting in a negative V ,, as shown in Figure 8b.

4. Conclusions

In this study, we fabricated solution-processed In ,03 thin Ims and TFTs, and in-
vestigated the factors affecting the stability of the devices. The results show that plasma
treatment can signi cantly improve the spreading of In  ,O3 precursor solution on the sub-
strate surface. The I,O3 Ims without annealing contain more organic residues, and they
can be signi cantly reduced after annealing at 275 C maintaining the amorphous Im
structure.

Through the study of the annealing characteristics of In ,O3-TFTs, it was found that
the devices prepared by the solution method have the characteristics of low active layer
carrier concentration, high V y, and low | o/l o at low temperature. With the increase of
annealing temperature, the electrical properties of the devices gradually improve. The
optimal performance can be obtained after annealing at 275 C, which exhibited a high

sat0f 1.288 cn? V 1's 1 high lon/l o 0f 5.93 10°, and low SS of 0.84 Vdec 1. Also,
the bias stability is the best, which may be due to the reduction of organic residues and
defects in the Ims. When further increasing the annealing temperature, the performance
deteriorates, which may be due to the Im interface degradation. This study provides a
useful reference for the improvement and optimization of the performance of electronic
devices prepared by the solution method.
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target distance [13,14]. It is known that annealing improves the crystallization of Ims
similar to those mentioned [ 15]; however, very few researchers have studied the in uence
of post-annealing treatment on the surface morphology and crystallization orientation of
AIN Ims [16].

While the properties of AIN Ims are determined by the deposition method, they
are also affected by post-deposition treatment parameters, such as annealing temperature
and duration [ 17]. The manufactured SBDs are expected to be of use in high temperature
applications. Their behavior and use as temperature sensors for temperatures up to 475 K is
explored in [ 18]. Further investigations of the manufactured device properties are ongoing.
Indicative values of, for instance, breakdown voltage of related AIN thin Im structures can
be found in [ 19]. In this study, we investigate the in uence of post-deposition annealing
in nitrogen (N ») and oxygen (O5) atmospheres on the electrical properties of AIN thin
Ims. We demonstrate that gas annealing of AIN thin Ims in either a nitrogen or oxygen
atmosphere results in Ims with lower leakage currents at 300 K than for non-annealed
AIN thin Ims. This effect was demonstrated by characterizing the electrical properties of
manufactured heterojunction (Ni/AIN/SiC) Schottky barrier diodes (SBDs).

2. Materials and Methods

A schematic of the manufactured vertical AIN Schottky barrier diode (SBD) is shown
in Figure 1. N-type 4H-SiC wafers (base substrate: Np =1 10 cm 3; n-type epitaxial
layer: Np =5 10 cm 3) acted as starting substrates. The SiC substrate was cleaned
in a sulfuric peroxide mixture (sulfuric acid (H »S0Oy) to hydrogen peroxide (H ,0,) ratio
of 4:1), after which the native SiO, layer was stripped using a buffered oxide etch (BOE)
solution. A 150 nm thick Ni- Im was then deposited by e-beam evaporation to create a
diode cathode on the reverse side of the substrate. The samples were subjected to rapid
thermal annealing (RTA) at 1323 K in N, for 90 s to form nickel silicide (Ni ,Si) ohmic
contacts. AIN Ims were subsequently deposited by RF sputtering of a 99.9% pure AIN
target onto the substrate at 300 K under injection of high purity argon gas (99.999%) with a
ow rate of 5.5 sccm, using a mass ow controller. The sputtering power was 150 W, and
the target diameter was 5.08 cm. Deposition chamber working pressure was maintained at
10 mTorr during the 120 min deposition step, resulting in a Im thickness of approximately
200 nm. An Alpha-Step stylus pro lometer and atomic force microscopy (AFM) were
used to measure the thickness of the AIN Ims. AFM thickness measurements are in good
agreement with measurements performed by ellipsometry [ 20]. AIN thin Im samples
either remained as deposited, i.e., not annealed, or were annealed at 773 K for 30 min, in
either an ambient nitrogen or oxygen atmosphere. Top electrode contacts were created by
depositing a 150 nm thick nickel layer on the AIN thin Ims, thus completing the sample
SBDs. The mobility of the AIN Ims were measured using a Ecopia HMS-5000 Hall Effect
Measurement System. The four Hall measurement probes were each connected through
ohmic contacts located at each upper corner of the AIN Im samples.

Figure 1. AIN/4H-SiC heterojunction diode structure.
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Before deposition of the top electrodes, the samples were subjected to X-ray diffraction
(XRD) measurement, X-ray photoelectron spectroscopy (XPS), and Fourier transform
infrared spectroscopy (FTIR). XPS was performed to analyze the orientation of the wurtzite
crystal structure of the AIN thin Ims[ 21]. Annealing atmosphere in uence on the AIN
Im binding energies was measured by X-ray photoelectron spectroscopy (XPS). Al, N, and
O contents of the Ims were estimated from Al 2p, N s, and O s XPS core-level spectra. The
AIN Im samples were analyzed by Fourier transform infrared spectroscopy (FTIR), and,
nally, the nished SBDs were characterized by current voltage (I-V) measurements at 300 K
using a semiconductor analyzer (Keithley 4200-SCS, Tektronix, Beaverton, OR 97077, USA).

3. Result and Discussion

Figure 2 shows the XRD patterns of the untreated (“as-grown”, i.e., before annealing)
and gas (nitrogen or oxygen) annealed AIN Ims, indicating the main crystal plane ori-
entations of the Ims. The three graphs in Figure 2 each display two intensity peaks at
2 =38.2 and 44.4 , corresponding to the (2111) and (2110) AIN crystal diffraction planes,
respectively. The amplitudes of these peaks decrease after annealing. The different XRD
patterns indicate that the samples annealed in either N , or O, atmospheres were in uenced
at the crystal domain level to cause the observed decrease in intensity and full width at
half maximum (FWHM) [22].

Figure 2. XRD patterns of the as-grown, N », and O, annealed AIN Ims.

Figure 3 shows the FWHM of the Al (2 110) peak and the corresponding average
AIN crystal domain size. The average domain size of the as-grown, N , annealed, and O,
annealed samples was calculated according to the Scherrer equation given by

Kl
bsin(q) @)
where K is the shape factor (0.9),! is the X-ray wavelength (1.5406 A), b is the FWHM
of the peaks in radians, and g is the Bragg diffraction angle. The results indicate that the
FWHM was reduced as a result of the annealing process. The average grain sizes of the
as-grown, N ,, and O, annealed samples estimated by the Scherrer equation and the XRD
data are 87.07 nm, 168.17 nm, and 162.64 nm, respectively. This indicates increases in
both uniformity and the level of crystallinity [ 16]. This result suggests that annealing can
to some degree remove or “soften” the grain boundaries in the Im. Consequently, the
annealed samples contain fewer or less distinct grain boundaries, leading to a reduced
number of charge carrier traps or scattering obstacles along grain boundaries [23].
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Figure 3. Full width at half maximum (FWHM) of the XRD Al 2110 peak and the corresponding
average crystal size for the as-grown, N, and O, annealed AIN Ims.

Figure 4 shows the FTIR spectra of AIN Ims before and after N , and O, annealing.
Spectra were obtained in the range from 600 to 800 cm 1. The absorption peak at 668 cm 1
corresponds to the characteristic value of aluminum nitride. The magnitude of this peak
increased with gas annealing, as seen in Figure 4 R4]. Furthermore, the FTIR spectra
in Figure 4 show increased overall transmittance of the N , and O, annealed AIN Ims,
indicating improved Im crystallinity [25].

Figure 4. FTIR transmittance spectra of the as-grown, N, and O, annealed AIN Ims.

In order to investigate the effect of the annealing process on the chemical bonding
state of nitrogen atoms in the AIN layer, we performed an XPS core level measurement.
Figure 5a,b show the N 1 s and O 1 s core level XPS spectra for the AIN Ims. Figure 5a
shows these spectra were deconvoluted into three components with peaks at 403.2 0.1,
397.4 0.2, and 396.7 eV, which correspond to the chemical bonding states of Al-(NOy)y,
AIN-O, and Al-N, respectively, as previously reported in the literature [ 26]. The XPS
response after annealing displays a new peak at 403.2 0.1 eV, distinct from the expected
one at 397.4 0.2 eV [27]. This indicates increased levels of surface oxygen, which is
understood to result from the creation of an oxide Im.
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Figure 5. XPS spectra @) (N 1 s) and (b) (O 1 s) of the as-grown, N5, and O, annealed AIN Ims.

When it reducing the relative nitrogen content, AIN chemical bonds break up. This
is likely due to the result of the oxidation of the AIN surface barrier that is presumed to
occur [28]; also, annealing has related to the creation of nitrogen defects in the form of
interstitial N , trapped between the surface oxide Im and AIN Im interlayer. Figure 5b
shows the measured XPS core-level O 1s spectra. These can be deconvoluted into two
peaks at 531.78 and 530.88 eV of the as-grown sample, corresponding to the Al-OH and
O-Al chemical bond states, respectively [29]. After gas annealing, in the N , annealed
sample, AI-OH and O-Al binding energies shifted to 531.38 eV and 530.58 eV, respectively.
Said energies were 0.4 eV and 0.3 eV lower than those of the as-grown sample. In the
O, annealed sample, the AI-OH and O-AI binding energies shifted to 531.32 eV and
530.50 eV, which in turn were lower than the respective binding energies of the N , annealed
sample. Additionally, the relative area of the AI-OH peak decreased. Annealing effectively
decomposes the OH- species in the AIN Im. Simultaneously, the residual OH- bonds
release Al atoms to form more Al-O bonds. Then, the OH- groups are removed and the
oxygen vacancies are lled [ 30]. The relationship between the electrical properties of
the AIN thin Im samples and the Im quality was investigated by Hall measurements.
Figure 6 shows charge carrier mobility and concentration relative to the different gas
annealing conditions. The maximum achieved carrier mobility (528 cm 2/Vs) was observed
in the O, annealed sample. A reduced number of crystal defects result in higher mobility
and decreased charge carrier concentration [31]. From the literature, we infer that also in
AIN thin Ims, grain boundaries are the main source of defects that limit charge carrier
mobility and give rise to charge carriers [ 32,33]. Film crystallinity is proportional to the
average crystal grain size, which in turn is inversely proportional to the density of grain
boundaries. With the O , annealed device having a larger average grain size, it is reasonable
to expect that the density of the grain boundaries may have decreased accordingly. This,
in turn, would explain the observed reduction in carrier concentration and the increase
in mobility.

Figure 7 shows the typical I-V characteristics of the fabricated AIN/4H-SIiC SBDs
measured on a logarithmic scale. The diode currents were measured for terminal potentials
ranging from 5V to+5V. From 0V to 2V, the forward current of the as-grown sample was
higher than that of the annealed samples (N, annealed, O, annealed), while for voltages
higher than 2V, the forward current of the O , annealed sample was the highest. For the
case of reverse bias, the annealed AIN SBDs exhibited lower leakage currents (~1.3
10 6 A) than the as-grown AIN SBD (9.5 10 °A).
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Figure 6. Mobility and carrier concentration of the as-grown, N 5, and O, annealed AIN Ims.

Figure 7. I-V characteristics for the as-grown, N ,, and O, annealed AIN/4H-SiC SBDs.

The Schottky barrier height (f g) of the manufactured diodes was calculated according
to Equation (2) and shown in Figure 8:

af 8
kT 2)

ls= AA T? exp

where f g is the barrier height, A is the effective area of the diode for current transport,
Is is the saturation current, T is the measurement temperature, and A is the Richardson
constant (theoretically ~57.6 Acm 1 K 2 for AIN) [ 34,35). The Figure 8 shows the Ny
annealed device exhibited the highest Schottky barrier height f g = 0.71 eV at reverse
bias. From 0 V to 2 V forward bias, the O , annealed device had the highest barrier height
f g = 0.59 eV, which can be explained by the lled oxygen vacancies identi ed from the
Al-OH/AI-O peak ratio of the XPS O 1s data. After 2 V forward bias, the O , annealed
device also had the lowest barrier height f g = 0.29 eV, which can be explained by the Hall
carrier mobility.
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Figure 8. Barrier height of AIN on 4H-SiC SBDs with different gas annealing.

The lon/l o ratio and ideality factor values of the fabricated devices are shown in
Figure 9. According to thermionic emission (TE) theory, the SBD I-V curves in forward bias
can be expressed in the form of Equations (3)—(5) [36,37].

KT lsT
?2o0= —
BT q" AA T2 ®)
_ aVvV  IRs)
| = Is exp kT 1 4)
-9 v
~ KT d(Inl) ®)

where h is the ideality factor, gis the elementary electric charge, k is the Boltzmann constant,
T is the absolute temperature, and | is the saturation current. The ideality factor value is
explained assuming a Gaussian distribution of the barrier height around the AIN/4H-SiC
interface. As Figure 9 shows, the lower the ideality factor, the greater the barrier height.
The on/off ratios at room temperature of the as grown, N , annealed, and O, annealed
samples were calculated to be ~4.5 10?, ~2.2 10% and ~6.7 10%, respectively. The
corresponding ideality factors for the as grown, N , annealed, and O, annealed samples
were 8.5, 4.1, and 5.29, respectively. The on/off ratio of the annealed device was two orders
of magnitude (~100 times) higher than the on/off ratio of the as-grown device, while the
ideality factor was the lowest (4.1) for the N , annealed sample.

In summary, after the annealing process, the electrical conduction properties of the
AIN SBDs improved.

Figure 9. On/off ratio and ideality factor of AIN on 4H-SiC SBDs with different gas annealing.
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4. Conclusions

The in uence of different annealing atmospheres on AIN thin Ims was investigated.
We measured and analyzed the electrical characteristics of an AIN SBD before and after
the gas of nitrogen and oxygen annealing. For the N, and O, annealed sample, we
observed that the AIN thin Ims were formed with relatively large grain sizes 168.17 nm
and 162.62 nm, respectively, and higher magnitude of Al-N bond peaks. These less distinct
grain boundaries related to a reduced number of charge carrier traps or scattering obstacles
along grain boundaries. Charge carrier mobility was the highest (528 cm 2/Vs) for the
O, annealed sample. From this sample, we also observed a relatively a reduced barrier
height, and increased forward current. The high-temperature annealing process caused the
decomposition of the Al-OH bonds; as a result, the relative area of the Al-O peak increased,
while the number of oxygen vacancies decreased in O, annealed sample. Consequently,
the current decreased with the increasing electric resistance until 2 V. One main result of
this study is that the characteristic XPS data of the N 1 s region show unusual feature at 404
eV. Itis related that the reduced reverse leakage current is a result of the trapped nitrogen
defect. The barrier height decreased with improved conductivity, which in turn resulted
in an improved on/off ratio in the N, annealed devices. In conclusion, the N, annealed
sample had the lowest reverse leakage current and the O, annealed sample displayed the
highest forward current level. Gas annealing thus constitutes a method for controlling the
electrical properties of manufactured AIN thin Ims.
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One of the signi cant applications of  -GayOz which is still being used now is its meta-

stable state crystal structure compared to other Ga,O3 polymorphs [ 14]. This is because

-Gay03 is a wide bandgap semiconductor with a bandgap ( Eg) of about 4.8 eV [15]. The
wide-bandgap material can sustain high incoming voltage resulting from large electrical
breakdown strength when it comes to short circuit situation. Recently, -Ga,O3 has
attracted much attention for its potential use in the next-generation optoelectronic devices
in the near UV wavelength region. It shows the shortest cut-off wavelength at around
270 nm, whereas conventional transparent conductive oxides (TCOs) belongs to the visible
wavelength region. The applications for a monoclinic  -GayO3 structure are such as in solar
energy devices [16], passivation coating [ 17], optoelectronic devices [18], gas sensor [L9],
and deep ultraviolet radiation devices [20].

The strontium element has the same chemical properties as alkaline earth metals such
as beryllium, magnesium, calcium, and barium from group Il elements. It is generally
used for reworks and ares purposes| 21]. Itis also used to produce ferrite magnets and
is responsible for zinc's re ning process [ 22]. One famous application of the strontium-
90 radio-isotope is in the military eld, especially nuclear weapons [ 23] and nuclear
reactors [24]. The radio-isotope of the strontium-90 is the by-product of a nuclear explosion
that initially comes from the uranium element's nuclear ssion[ 25]. It has a half-life of
29 years [26], which was considered a long duration to degenerate its radioactivity. As for
the application of semiconductors, strontium ions can be reused for the color television
cathode ray tube (CRTSs) to avoid X-ray emission [26,27].

There are no reports on the strontium (Sr2*) doping, to date with the pure  -Ga;O3
based on density functional theory (DFT) in the present rst-principles study. The impor-
tance of this paper is to determine the effect of Sr doping in Ga ,O3 as p-type doping based
on its material properties in the simulation structure. Therefore, this paper will focus on the
theoretical investigation of the electronic band structure, total and partial density of states,
and optical properties of pure and Sr-doped -Ga,O3. Besides, this simulation process
allow researchers to discover more about the material's theoretical part.

2. Materials and Methods

The calculations were carried out using Cambridge Serial Total Energy Package
(CASTEP) code. This simulation can be traced back to the application of density functional
theory (DFT), which utilizes the total-energy plane-wave pseudopotential method [ 28,29].
The exchange-correlation potential effects were handled by the generalized gradient approx-
imation (GGA) with the Perdew—Burke—Ernzerhof (PBE) functional [ 30-32). Theoretically,
the DFT is based on the ground state, which causes the exchange-correlation potential
between the excited electrons to be underestimated [33]. Thus, the calculations from
GGA-PBE results in lower energy levels above the valence band than that of experimental
results. The utilization of the GGA-PBE in this simulation work was used to compare the
parameters, cell volume, and cell angle. -Ga,O3 crystal structure belongs to the C2/m
group, which is monoclinic. Figure 1 shows the crystal structure of the unitcell (1 1 1)
of pure -Ga,O3 and Sr-doped -Ga,Os3, while Figure 2 show the crystal structure of su-
percell (1 2 2)ofpure -Gay,Ozand Sr-doped -GayOs. The unit cell crystal structure
consists of 20 atoms (8 Ga atoms and 12 O atoms), and the supercell crystal structure
consists of 80 atoms (32 Ga atoms and 48 O atoms). Ga atoms occupy 4i Wyckoff position
at Ga1(0.09050, 0, 0.79460) and Ga2(0.15866, 0.5, 0.31402), whereas the O atoms occupy 4i
Wyckoff positions de ned by 01(0.1645, 0, 0.1098), 02(0.1733, 0, 0.5632), and 03(0.0041,
0.5, 0.2566) 4]. For obtaining exact band gaps and optical properties, the scissors operator
has been carried out.
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Figure 1. Crystal structureof 1 1 1 unitcell of (a) pure -Ga,O3 and (b) Sr-doped -Ga,O3,

Figure 2. Crystal structure of 1 2 2 supercell of (a) pure -GayOg3, (b) Sr-doped -Ga,O3 at Gal,
and (c) Sr-doped Ga,O3 at Ga2.

The electronic interaction between the valence electrons and conduction holes was
modeled using ultra- ne quality pseudopotentials with an energy cut-off of 380 eV. This
cut-off energy was able to bring out the optimized results of the band structure, density
of states, electron density, and optical properties calculations. As for the Monhorst Pack
schemek-point grid sampling of the reduced Brillouin zone, 1 1 landl 2 2k-points
were set for pure -Gay,O3 and Sr-doped -Ga,Og3, respectively. The valence electronic
con gurations for Ga, O, and Sr are 3d 1%4%4p!, 2s22p?, and 3d1%4p85<, respectively.
During the geometry optimization, the cut-off energy for both the structure model was
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380 eV, the energy convergence for this structure is 1.209 10 6 eV/atom, the maximum
displacementis5 10 4 A, maximum stress is 0.02 GPa, and maximum force is 0.01 eV/A.

3. Results and Discussion
3.1. Structural Properties

The structure of -Gay,Os and Sr-doped -Gap,O3 were investigated, and the geometry
optimized crystal structure is shown in Figures 1 and 2. Table 1 shows the list of the
optimized lattice parameters, cell volume, and angle from GGA-PBE functional. The
theoretical value for -Gay,O3 from GGA-PBE calculation has a small difference in lattice
parameter, cell volume, and angle value compared to the experimental value. The lattice
parameter difference is less than 2.29% while for the cell volume, it gives a 6.14% error. As
for the Sr-doped -Ga,Os part, the error percentage indicates the differences in theoretical
results between -GayO3 and Sr-doped -Ga,Os. The lattice parameter and volume of
Gay03 increase after Sr doping. This is similar to the other reports using Mg-doped Ga ,03.
The ionic radius of Mg 2* of 0.72 A is larger than that of Ga3* of 0.62 A. Thus, it is reasonable
that the lattice parameters of Ga,O3 increases after Mg doping [35]. Furthermore, Zn-doped
Gay03 also shows the increase of structural parameter after Zn doping because of the ionic
radius of Zn 2* of 0.74 A is larger than that of Ga3* of 0.62 A, which resulted in the lattice
spacing gradually being enlarged [ 36]. However, to the best of our knowledge, there is no
theoretical and experimental data available for Sr-doped -Gay,O3 for comparison with
this work.

Table 1. Calculated lattice parameter (a, b and c), cell volume, and cell angle for pure and Sr-doped
-GapOg3 crystal structureinl 1 1 unitcell.

Structures Parameters GGA-PBE Experiment [37]
-Ga,03 a(A) 12.494 (+2.29%) 12.214
b (A) 3.096 (+1.94%) 3.037
c(A) 5.898 (+1.72%) 5.798
Cell Volume (A 3) 221.647 (+6.14%) 208.835
=90 =90
Cell Angle () =103.705 =103.830
=90 =90
Sr-doped -Gay,Os3 a(A) 12.506 (+0.10%) -
b (A) 3.158 (+2.00%) -
c(A) 5.794 (-1.76%) -
Cell Volume (A 3) 222.317 (+0.30%) -
Cell Angle ( ) =90 -
=103.701 -
=90 -

As for Table 2, different doping sites were taken at Gal and Ga2forl 2 2 supercells.
Sr-doped -GayO3 has a greater lattice parameter and cell volume compared to pure -
Gay03. This also means that Sr-dopant enlarged the original size of pure -Ga,Os. The
highest error of estimation for the lattice parameter between Sr-doped -Ga,Os at Gal and
Gaz2 are about 1.11 % indicates that the results are nearly close to each other.

The average bond length for pure and Sr-doped -Ga,O3 is shown in Table 3, while
the average bond length for pure and Sr-doped -Ga,Osz at Gal and Ga2inl 2 2
supercell were listed in Table 4. It is shown that the atomic radius of the Ga atom (1.36 A)
is smaller than the Sr (2.19 A), according to the periodic table. Therefore, Ga-O bond length
is shorter than Sr-O and O-O bonds in Sr-doped -GayOs. This situation is the same as the
pure -GayO3 where Ga-O bond length is shorter than O-O bonds. After Sr doping, the
overall bond length for Sr-doped -GayOg is increased more than pure -Ga,O3 due to the
presence of SF* ions.

268



Micromachine021, 12, 348

Table 2. Calculated lattice parameter (a, b, and c), cell volume, and cell angle of pure and Sr-doped

-GapO3 crystal structureinl 2 2 supercell at Gal and Ga2.

Sr-Doped -GayO3 Sr-Doped -GayO3
Parameters Pure -GayOg3 at Gal at Ga2
a(A) 12.497 12.545 (+0.38%) 12.599 (+0.82%)
b(A) 6.187 6.218 (+0.50%) 6.233 (+0.74%)
c(A) 11.806 11.937 (+1.11%) 11.857 (+0.43%)
Cell Volume (A 3) 886.770 903.865 904.761
=90 =90 =90
Cell Angle () =103.723 =103.903 =103.667
=90 =90 =90

Table 3. Calculated average bond length of pure

-Ga,03 and Sr-doped -Ga,Ozforl 1 1

unit cell.
1 1 1UnitCell
Bond Length
Pure -GayOs3 Sr-Doped -GayO3
Ga-0 (A) 1.964 1.965
0-0 (A) 2.861 2.864
Sr-0 (A) - 2.426

Table 4. Calculated average bond length of pure

-Ga,03 and Sr-doped

-GapO3zforl 2 2

unit cell.
1 2 2 Supercell
Bond Length
Pure -GayOj3 Sr-Doped -GayOzatGal Sr-Doped -GayOjatGa2
Ga-0 (A) 1.971 1.979 1.973
0-0 (A) 2.882 2.873 2.876
sr-0 (A) - 2.229 2.366

The spatial electron density maps determine whether the structure model belongs
to ionic or covalent bonds. Figure 3 exhibits the distribution of the different structure's
electron density in pure and Sr-doped -Ga,Os. It shows that pure -Ga,O3 has strong
covalent bonding characteristics before doping. On the other hand, the bond population
analysis for Sr-doped -Ga,O3 exhibits a weak ionic bonding effect compared to pure

-Gay,03. This is because, the S#" dopant had changed the bonding characteristics of
-Gay03 after doping. Table 5 shows the bond population analysis indicator for electron
density distribution in pure and Sr-doped  -GayOg. It can be determined from Figure 3a
that pure -Ga,O3 shows strong covalent bonding characteristics. This is because the Ga

and O atoms were located at the strong covalent region nearby to the red color region. On
the other hand, there were weak ionic bonding characteristics in Sr-doped -Ga,O3z where
some of the Ga and O atoms are located in the green color indicator region.

Table 5. Indicator of population analysis for electron density.

Covalent
0.75-1.0

Weak Covalent
0.50-0.75

Weak lonic
0.32-0.50

lonic
0-0.32

Bonding Characteristics

Bond Population
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Figure 3. Distribution of electron density of ( a) pure -GayO3 and (b) Sr-doped -Ga,Os.

3.2. Properties of Electronic Structure

This section will discuss the electronic structure properties used to determine the
band structure, total and partial density of states (DOS) of -GayOs. Gallium oxide
displays an indirect bandgap of 4.8—4.9 eV, both for the experimental and simulation
work [ 38,39]. Besides, the application of Ga,O3 is applied in power MOSFETSs, where high
breakdown electric eld and large Balinga's gure of merit occur[ 40]. The (100) plane of
Gay03 is mostly taken in experimental work because it gives a high resolution of result
analysis which takes places at the speci ¢ Brillouin zone, GZ and A-M directions [ 41]. This
unique electronic structure properties of Ga »,O3 bring out new hope in future applications,
especially in electronics, optoelectronics, and sensing systems [7].

The bandgap is usually measured between the conduction band minimum (CBM) and
the valence band maximum (VBM), located at the Fermi level. The high-symmetry direction
of the Brillouin zone of pure  -Ga,O3 along with the G-F-Q-Z-G path, is illustrated in
Figure 4. Figure 5a shows that pure -Ga,0O3 has a bandgap energy of 1.939 eV, lower than
the bandgap energy from the experimental work but consistent with other calculated results
from DFT [ 42,43]. The measured bandgap energy for experimental work is 4.8 eV [ 15].
This phenomenon can be explained by the underestimation of density functional theory
(DFT) limitations. Therefore, the calculations of band structures with scissor operator
were considered to overcome bandgap underestimation from the DFT method. The scissor
operator was introduced to shift all the conduction levels to agree with the band gap's
measured value [44]. In our case, the scissor operator's value for unitcell1 1 1was
takento be 4.8 1.939 =2.861 eV, accounting for the difference between the experimental
band gap (4.8 eV) [15 and the calculated GGA bandgap (1.939 eV) for -Ga,Os3. For
supercell1 2 2, the scissor operator's value is 2.868 eV. The band structure of pure

-Gay,03 in P1 symmetry along with G-F-Q-Z-Q path is shown in Figure 5 to compare
with the band structure of Sr-doped -Ga,O3 also in P1 symmetry. Figure 5b shows
that the bandgap energy decreases to 1.879 eV after Sr doping. This indicates that S#*
ions possess p-type doping behavior, which creates more holes to accept electrons that
allow the semiconductor to perform ef ciently during the presence of conducting current.
Figure 6 presents the band structures of pure -Ga,O3 and Sr-doped -Ga,O3 with a
scissor operator. It shows that the bandgap of pure -Ga,O3 was corrected to match the
experimental band gap at 4.8 eV [15] while the bandgap of Sr-doped -Gay,O3is 4.740 eV
which is lower than pure  -GayOs.
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Figure 4. Brillouin zone path at G-F-G-Z-Q direction for  -GayO3 in P1 symmetry.

Figure 5. Band structure of (a) pure -Ga,O3 and (b) Sr-doped -Ga,O3 without scissor operator.
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Figure 6. Band structure of (a) pure -Ga,Os and (b) Sr-doped -Ga,O3 with scissor operator.

As for Figure 7, it is the band structure forl 2 2 supercell for pure and Sr-doped
-Gay03. Pure -Gay,0O3 has a bandgap of 1.932 eV. On the other hand, the Sr-doped at
different doping sites at Gal and Ga2 have bandgaps of 1.826 and 1.840 eV, respectively.

The band structure for unit cell and supercell show slight differences in bandgap, according

to this investigation. For band structures with scissor operator of 1 2 2 supercell
for pure and Sr-doped -GayOg3 in Figure 8, the bandgap of pure -Ga,O3zinl 2 2
supercell is 4.8 eV, and the bandgap of Sr-doped -Gay,Os at Gal and Gaz2 is 4.694 and
4.708 eV, respectively.

Figure 7. Band structure of (a) pure -GayOs, (b) Sr-doped -Gay,O3 at Gal, and () Sr-doped -Ga,03 at Ga2 without

scissor operator.
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Figure 8. Band structure of (a) pure -GayOs, (b) Sr-doped -Ga,O3 at Gal, and (c) Sr-doped -Ga,O3z at Ga2 with scissor

operator.

Figure 9 shows the total and partial DOS of pure and Sr-doped -Ga,O3. Pure -
Ga,03 comprises of Ga 4s at the top of the valence band and O 2p located at the bottom of
the conduction band. As for the Sr-doped -Ga,Os, the Sr atom has an atom of s orbital
and introduces dopant energy levels in the pure  -Ga,O3. The valence band mainly consist
of Sr5s, Srdp, 0 2p,and Ga3dat 32, 12.5, 2,and 13 eV, respectively. The conduction
band was dominated by Sr 3d, O 2p, and Ga 4p. Therefore, Sr dopant changes the covalent
bonding characteristics of pure -Ga,Os. This also indicates that weak ionic bonding
characteristic appears between Ga, O, and Sr atoms. Figure 10 shows the total and partial
DOSforl 2 2 supercell of pure and Sr-doped -GayOs at different doping sites Gal
and Ga2. The same hybridization states occur in the valence band, such as Sr 5s, Sr 4p, O
2p, and Ga 3d. The conduction band is also dominated by the same hybridization states of
Sr 3d, O 2p, and Ga 4p. All these results could be determined when comparingl 1 1
unitcelland1l 2 2 supercell.

Figure 9. Total and partial density of states of (a) pure -Gay,Oz and (b) Sr-doped -Ga,Ozinl1 1 1 supercell.
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Figure 10. Total and Partial density of states of (a) pure -GayOg3, (b) Sr-doped -Ga,0O3 at Gal, and (c) Sr-doped -Ga,Os3
atGa2inl 2 2supercell

3.3. Optical Properties

Optical properties' importance is usually highlighted in the absorption coef cient,
re ectivity, refractive index, dielectric function, and loss function. All these optical proper-
ties features are related to the complex dielectric function formula, which is written as in
Equation (1):
#w) = #(w) + i#(w). 1

The #(w) and #(w) are the real and imaginary part, respectively. The real part
is correlated to the degree of electronic polarization and calculated from the Kramers—
Kronig relation. On the other hand, the imaginary part is associated with the material's
dielectric losses. All other optical properties can be derived from #(w) and #;(w) by the
Kramer—Kronig relation.

The other well-known formula for optical properties such as absorption ( (! )), re-
ectivity ( R(w)), refractive index (n(w)), and loss function (L(w)) is de ned as follows in
Equations (2)—(5):

B q_ @ 12
kAW P T Ry + Bw) mw) @)
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1 P w2
R(w) = m ) (3)
r —
n(w) = J#(W)J; Fa(w) @)
Lw) = Im —— = __2W) 5)

#Hw)  #HB(w) + B(w)

The band structure of pure -Gay,O3 shows an underestimated bandgap value of
1.939 eV compared to the experimental bandgap. Such underestimation of calculated
bandgap values is a common feature of the DFT calculations and can be overcome by
applying the so-called scissor operator [45]. Such a correction is signi cant for calculations
of the optical properties. To facilitate comparison with the experimental results, we utilized
a scissor operator to match the calculated optical gap determined via experimental tech-
niques. The calculated optical properties of pure Ga,0O3 and Sr-doped -Ga,O3 without
and with scissor operator are presented in Tables 6 and 7. For the absorption coef cient, the
absorption edge with the scissor operator shifts the light absorption towards the UV light
region, corresponding to the bandgap value of -Ga,Os3, This result is consistent with other
experimental results for absorption spectra in a deep UV-Vis range of 200 to 300 nm using
UV-Vis spectroscopy [46]. The scissor operator's shifts the major peak of re ectivity and
loss function towards higher photon energy. For the refractive index of pure Ga ,03 and
Sr-doped -GayOg3, the scissor operator decreases its value by 11.4% and 31.8%, while the
dielectric constant decreases by 21.6% and 52.9% as compared to the calculations without
scissor operator. Figures 11-13 present the optical properties using a scissor operator.

Table 6. Calculated optical properties without and with scissor operator (SO) of pure Ga ,03 and
Sr-doped -Gay,O3,

Pure Gay03 Sr-Doped -GayO3
without SO with SO without SO with SO
Absorption edge 400-700 nm 100-300 nm 400-700 nm 100-300 nm
Dielectric constant 3.05 2.39 5.37 2.53
Refractive index 1.75 1.55 2.33 1.59
Re ectivity peak 13.3eV 16.3 eV 111 eV 155eV
Loss function peak 14.3 eV 17.4 eV 13.3eV 16.3 eV

Table 7. Calculated optical properties without and with scissor operator (SO).

Pure Gay0O3 Sr-Doped -GayOj3 at Gal Sr-Doped -Ga,0O3 at Ga2
without SO with SO without SO with SO without SO with SO
Absorption edge 400-700 nm 100-300 nm 400-700 nm 100-300 nm 400-700 nm 100-300 nm
Dielectric constant 2.18 1.74 14.7 3.11 9.63 2.55
Refractive index 1.48 1.32 3.88 1.76 3.13 1.60
Re ectivity peak 9.46 eV 12.3 eV 9.46 eV 3.54 eV 9.33eV 12.3 eV
Loss function peak 9.69 eV 12.7 eV 9.69 eV 12.8 eV 9.57 eV 12.5eV
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Figure 11. Absorption coef cient against ( @) Energy (eV)forl 1 1 pure and Sr-doped -Ga,O3, (b) Energy (eV) for
1 2 2supercell pure and Sr-doped -GayOg3, (c) Wavelength (nm)for1 1 1 unitcell pure and Sr-doped -GayOs,
(d) Wavelength (nm) forl 2 2 supercell for pure and Sr-doped -GayO3.

Figure 12. (a) Dielectric Function 1 1 1 unit cell, (b) Dielectric Function 1 2 2 supercell, (c) Refractive Index
1 1 1unitcell, (d) Refractive Index1 2 2 supercell.
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Figure 13. (a) Re ectivityof 1 1 1 unitcell, (b) Re ectivityof 1 2 2 supercell, (c) Loss Functionof1 1 1 unit

cell, (d) Loss Function of 1

2 2 supercell.

Figure 11 presents the absorption spectrum of pure and Sr-doped -Ga,O3 structure
inl 1 1lunitcelland1l 2 2 supercell. It can be observed that the absorption region
is a broad spectrum. The most important wavelength emission for pure and Sr-doped

-Gay,0O3 system mainly resides in the deep UV region, as shown in Figure 11d. After
Sr-doping, the wavelength emission increases as the bandgap energy of Sr-doped -Ga,Os3
decreases. This simulation result matches with the principle of the Einstein—Planck relation:
E = hf = hc/ | , where its bandgap energy decreases and increases the wavelength emission
spectrum.

Meanwhile, this also indicates that the emission spectrum has been red-shifted after
Sr-doping, proving that Sr dopant possesses p-type doping behavior. There is no available
absorption spectrum report for Sr-doped -Ga,O3 for comparison with this theoretical
work. However, this nding is similar to other dopants in Ga ,03 such as Mg-doped
GayO3 [46] and Zn-doped Ga »,03 from experimental work, which decreases the bandgap
after doping and also possesses p-type doping behavior. The results for Mg-doped Ga ,03
suggested that it is a promising material candidate for solar-blind photodetector due to
its lower dark current, higher sensitivity, and faster decay time which can be attributed
to the high insulating and low defect concentration. For Zn-doped Ga ,0g3, its bandgap is
4.90-4.93 eV for different Zn doping contents which is reduced by 0.20-0.81% compared to
pure -GayOs3(4.94 eV). This is agreeable with our theoretical work, which decreases the
bandgap after Sr doping by 1.25-5.49%.

Figures 12 and 13 shows the reflectivity, refractive index, dielectric function, and loss
function of pure and Sr-doped -Ga,Os3forboththel 1 1lunitcellandl 2 2 supercell.
The energy range is shown as ~0-25 eV in this simulation work. For the energy spectrum
of re ectivity, the energy increases slightly to 16 eV. Simultaneously, this incident causes
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a decrease of re ectivity after the Sr-doping, which eventually affects surface material
effectiveness to re ect the electromagnetic radiation energy. More input electromagnetic
radiation energy cannot be re ected completely and nally reside in the Sr-doped -Gay,03
structure compared to pure -GayOs.

The refractive index exhibits a different growing emission spectrum trend compared
to re ectivity. It has a real ( n) and imaginary ( k) part for both pure and Sr-doped -Ga,Os.
The emission spectrum releases energy in the range of ~0-25 eV for both systems. However,
there are still differences in its refractive index spectrum in both real ( n) and the imaginary
(k) parts between pure and Sr-doped -GayOs. The refractive index of Sr-doped -Ga,O3
is 1.59, which is slightly higher than pure  -Ga,O3 (1.55).

As for the dielectric function, this feature of optical properties is usually observed
in the spectrum's imaginary part ( "»,). It has dielectric constant, "o = 2.39 for pure Ga,O3
and " = 2.53 for Sr-doped G&0O3. The imaginary part's major peaks are located at 11.5
and 11.8 eV for pure and Sr-doped -GayOs3. This result indicates that the Sr dopant could
affect the optical properties to determine the energy range. After the Sr-doping, the peak
energy spectrum increases compared to pure -Gay,O3z. The peak energy shift also means
a shift in the localized degree of a free electron and holes between the conduction and
valence band in the impurity doping structure.

Lastly, the loss function feature in the optical properties is often used to determine the
energy loss of the free electrons crossing along with the material. The major peak energy
for the Sr-doped -GayOsis located at 16.3 eV, and the pure -Ga,Osis located at 17.4 eV,
which is lower than Sr-doped -Ga,O3. The Sr doping causes a decrease in the energy
loss function of -Ga,Os3. This indicates that the Sr dopant tends to reduce its energy loss
and improve its emission of peak energy ef ciency for better performance in the material,
matching with the characteristic of p-type doping material. It can withstand high voltage
and current with minimum energy loss.

4. Conclusions

In conclusion, the rst-principles studies provided calculations of the structural,
electronic, and optical properties of pure and Sr-doped -GayOs. There are not many
differences in the calculated lattice parameter, cell volume, and angle of the pure -Gay,O3
structure at GGA-PBE with experimental data. GGA-PBE is still preferable for the calcu-
lated structural parameter as it has good theoretical results, which almost matches the
experimental work. Pure -Ga,Os3 has an indirect bandgap of 1.939 eV while for Sr-doped

-Gap03, the bandgapis 1.879eVforl 1 1unitcell. Meanwhile,thel 2 2 supercell
for pure -Gay,Os3 has a bandgap of 1.932 eV and Sr-doped -Ga,O3 at different doping
sites Gal and Ga2 have bandgaps of 1.826 and 1.840 eV, respectively. This bandgap was
underestimated compared to the experimental value, so the scissor operator was used to
correct the bandgap. The decrease in bandgap energy was due to the creation of more holes
to accept more incoming free electrons, indicating a p-type doping behavior for Sr dopant.
The electronic interaction between the valence band and conduction band contains O 2p
and Ga 4s orbital for pure  -Ga,O3. On the other hand, Sr-doped -GayO3 consists of Sr 5s,
Sr 4p, O 2p, and Ga 3d for the electronic interaction between valence and conduction band.
These hybridization states can be observed from the total and partial DOS forboth1 1 1
unitcelland1l 2 2 supercell. The population analysis for pure -Ga,O3 was considered
as strong covalent bonding characteristics. As for the Sr-doped -Ga,Os, it changes its
bonding characteristics to weak ionic bonds. The optical absorption for Sr-doped -Gay,O3
exhibited a red-shifted spectrum compared to pure -Ga,O3. This matches the optical
behavior for p-type doping, where the material emits broader wavelength emission, and a
red-shifted spectrum occurred. The optical absorption for both pure and Sr-doped  -Ga,03
was found in the deep ultraviolet light (DUV) region according to the absorption coef cient.
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Due to the transparency and low cost, sapphire substrate is normally used for prepa-
ration of AIN substrates and AIN-based deep ultraviolet optoelectronic devices. For
(10-13) AIN on m-plane sapphire, the in-plane epitaxial relationship between (10-13) AIN
and m-plane sapphire is [30-3-2]a //[1-210] sapphire @and [1-210]AIN//[0001]sa pphire [5]-
According to the epitaxial relationship, it can be determined that the lattice mismatch
between m-plane sapphire and (10-13) AIN is the smallest [12]. When growing AIN on
sapphire [16-19], nitridation is a common method to improve crystal quality [ 20,21]. More-
over, nitridation has a large impact on the crystal orientation of semi-polar AIN[ 22,23].
Furthermore, it is well known that buffer layer is an ef cient approach to reduce the lattice
mismatch between llI-V nitrides and foreign substrates [ 24]. At present, the effect of the
buffer layer on the quality of polar AIN crystals has been widely con rmed [ 24-27]. In
addition, compared with metalorganic chemical vapor deposition (MOCVD), hydride
vapor phase epitaxy (HVPE) is more suitable for AIN substrate due to the high growth rate
and low cost [ 28]. However, the comprehensive in uence of high-temperature nitridation
and high-temperature buffer layer on the semi-polar AIN Im grown by HVPE has not yet
been clari ed.

In this work, we use HVPE to grow semi-polar AIN on m-plane sapphire substrate.
The in uence of high-temperature nitridation and buffer layer on the semi-polar AIN Ims
has been carefully studied.

2. Experiment

The growth of semi-polar (10-13) AIN sample was performed in a home-made hor-
izontal HVPE system. 2-inch m-plane sapphire with miscut-angle of 0.1 was used as
substrate, and HCl and NH 3 were used as input active gases. The mixture of H, and N,
were utilized as carrier gas under 40 Torr. At rst, the m-plane sapphire substrate was
heated to the nitridation temperature in the carrier gas and kept for 10 minin H , ambient
to remove the surface pollution and achieve thermal stability. The sapphire substrate
was then nitrided in NH 3 ambient about 10 min. Next, the buffer layer was grown for
1 min. Finally, the temperature was raised to 1500 C to grow AIN Im for 30 min. Table 1
shows the growth conditions of four samples with different nitridation temperature and
buffer layer temperature. X-ray diffractometer (XRD, Philips, X'pert MRD PIXcel, Amster-
dam, The Netherlands) was used to characterize the orientation and quality of AIN Im.
Scanning electron microscope (SEM, HITACHI, SU8020, Tokyo, Japan) was used to study
the cross-section morphology. Raman spectrometer (HORIBA, LabRam HR Evolution,
Kyoto, Japan) was used to study the stress distribution of AIN Im. X-ray photoelectron
spectroscopy (XPS, Thermo Scienti ¢, Escalab 250Xi, Waltham, MA, USA) was used to
analyze the chemical composition of the AIN Im.

Table 1. Growth conditions of sample A, B, C and D.

Sample Nitridation Temperature of Growth
Temperature/ C Buffer Layer/ C Temperature/ C

A 1050 800 1500

B 1050 1300 1500

C 1300 800 1500

D 1300 1300 1500

3. Results and Discussion

Nitridation and buffer layer are introduced to grow semi-polar (10-13) AIN by HVPE.
As shown in Figure 1, the growth orientation of the semi-polar AIN Ims is characterized
by XRD ! -2 scan. Low-temperature (1050 C) nitridation and low-temperature (800 C)
buffer layer are rst tried to grow semi-polar (10-13) AIN. In Figure 1a, (10-11) and (20-22)
diffraction peaks are also observed except the strong (10-13) diffraction peak, indicating
that sample A is not the single crystal. In sample B, the buffer layer temperature is kept at
800 C and the nitridation temperature is increased to 1300 C. Although the additional
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diffraction peaks still exist, the (10-13) diffraction peak is narrowed as shown in Figure 1b.
In contrast, for sample C, the nitridation temperature is 1050 C, while the buffer layer
temperature rises to 1300 C. From Figure 1c, itis clearly to see that the intensity of impurity
peaks of (10-11) and (20-22) is signi cantly reduced. Comparing with sample A, B and
C, we can conclude that high-temperature nitridation and high-temperature buffer layer
are promising to improve the crystal quality of the semi-polar (10-13) AIN. Therefore,
both high-temperature (1300 C) nitridation and high-temperature buffer (1300 C) layer
are used in sample D. As expected, in Figure 1d, there are no other impurity peaks but
only sharp (10-13) AIN diffraction peak, implying that sample D is (10-13)-oriented single
crystal. The weak peak between (10-13) AIN and (30-30) sapphire is most probably a
shoulder peak due to the twin structures, which are common small-angle grains in ( 10-13
AIN [ 29. Compared with sample D, an additional broad peak around 44.4 exits in
samples A-C. Unfortunately, the origin of the peak is unknown currently. But from the
characterizations of this peak, we believe it should come from AIN.

Figure 1. (a—d) corresponding to XRD ! 2 scan of sample A, sample B, sample C and sample
D, respectively.

Figure 2 shows the variations of full width at half maximum (FWHM) of (10-13) !
scans at different angle in the range of 0 and 360 for sample A, B, C and D, respectively.
There are two FWHM values at the same ' angle due to the effect of stress. It can be
clearly observed that the change of FWHM has an M-shaped curve, indicating that it has
obvious anisotropy characteristics. The FWHM value of sample B is signi cantly lower
than that of sample A, suggesting that the crystal quality has been signi cantly improved
after increasing the temperature of the buffer layer. All the FWHM values for sample D
are smaller than those of other samples, demonstrating that high-temperature nitridation
and high-temperature buffer layer can improve the crystal quality of (10-13) AIN Ims
signi cantly. The insert of Figure 2d shows the rocking curves of (0002) and ( 10-13
diffraction. The FWHM values are 0.359 and 0.356 for (0002) and (10-13) diffraction,
respectively. It is very close to the value of literature [6].
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Figure 2. (a—d) is the variations of FWHM values of XRC at different ' angle for (10-13) AIN Ims
of sample A, sample B, sample C and sample D, respectively. The left and right corresponding to
different FWHM values of XRC at the same ' angle. The insert of gure ( d) shows the FWHM of
(0002) and (10-13) diffraction.

Figure 3 shows the cross-sectional SEM images of the four samples. In sample D
(Figure 3d), the crystal column extends from the growth interface to the surface, and the
orientation of the crystal column is almost the same, which is consistent with the result
of XRD. However, the crystal columns are still not coalescent, as shown in the insert of
Figure 3d. While in the other three samples, the crystal columns become smaller and
their orientation looks disordered. Moreover, in sample A, there are many holes as large
as 200 nm at the growth interface. In the case of low-temperature nitridation and buffer
layer, high density of AIN defects appear and AIN grains are not easy to merge at the
initial growth stage [ 6], resulting in that sapphire can't be completely covered by AIN Im.
During the high-temperature (1500 C) growth, due to lack of AIN protective layer, the
exposed sapphire surface is decomposed, leading to large holes in sample A as shown in
Figure la.

Raman spectrum is then introduced to evaluate the residual stress in the semi-polar
AIN Ims. In the x(yy)z scattering con guration[  30], Ex(low), A 1(TO), Ex(high), E1(TO)
and E;(LO) Raman peaks of AIN can be observed in Figure 4a. Among these peaks, B (high)
peak could re ect the residual stress of AIN Im and the value of E ,(high) peak under
stress free is 657.4 cm 1 [7]. The enlarged image (Figure 4b) of Ex(high) peak demonstrates
that the peak values of the four samples are larger than 657.4 cm 1, which means they are
all in the compressive state. Furthermore, the E,(high) peak value of sample B and D is
smaller than A and C, indicating that the buffer layer at high temperature is bene cial to
reduce the compressive stress of (10-13) AIN Im.

284



Micromachine021, 12, 1153

Figure 3. (a—d) corresponding to the cross-sectional SEM image of sample A, sample B, sample C
and sample D, respectively. The insert of gure ( d) shows the surface SEM image of sample D, in
which the scale bar is 1 um.

Figure 4. (a) Raman spectra of AIN samples, including E »(low), A 1(TO), Ex(high), E1(TO) and E;(LO)
peaks of AIN. (b) The enlarged view of the E 5(high) peaks in (a). The black, red, blue and pink curves
corresponding to sample A, B, C and D, respectively. The black dash line is guide for eyes.

In order to investigate the effect of nitridation and buffer layer on the chemical states
of AIN Ims, we perform an XPS core level measurement. Figure 5 shows the XPS core
level spectra of N 1s and Al 2p. In Figure 5a, the N 1s spectrum in all samples can be
deconvoluted into two peaks at 396.8 0.2 eV and 397.7 0.3 eV, corresponding to the
N Albondand N Al O bond, respectively [31]. In sample A, the relative area of the
N Al peakis only 25.51% while the relative area ofthe N Al O peakis as large as 74.49%.
With the increasing temperature of nitridation and buffer layer, the relative area of the
N Al peakis enhanced obviously, increasing to 77.06% in sample D. As a result, comparing
with sample A, the center of the N 1s spectra shifts from 398.1 eV to 396.7 eV in sample
D due to the expanded content of N Al peak [ 31]. Furthermore, in Figure 5b, the Al N
and Al O peaks in the Al 2p spectrum are centered at 73.5 0.2eVand74.3 0.1eV,
respectively [21]. It is obvious that sample D has the larger Al N content and the smaller
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Al O content than other samples. Therefore, both N 1s and Al 2p spectrum show that the
high-temperature nitridation and buffer layer are bene cial to reduce the combination of
oxygen impurity with Al atom or N atom, resulting in a better AIN Im.

Figure 5. (a) N 1s high-resolution XPS scans of sample A, B, C and D. The green circle, orange, blue
and black curves corresponding to the experiment result, N Albond, N Al O bond and tting
result, respectively. (b) Al 2p high-resolution XPS scans of sample A, B, C and D. The green square,
red, blue and black curves corresponding to the experiment result, Al N bond, Al O bond and
tting result, respectively.

4. Conclusions

In conclusion, with the high-temperature nitridation and buffer layer, the single
(10-13 AIN Im is successfully obtained on m-plane sapphire by HVPE. Comparing with
the polycrystalline samples which have the low-temperature nitridation layer and buffer
layer, there is the smallest compressive stress in the (10-13) single-oriented AIN Im. The
simultaneous introduction of high-temperature nitridation and buffer layer is bene cial to
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promote the coalescence of crystal grains and reduce the content of impurity components,
like N Al OandAl O, thusimproving the crystal quality of semi-polar (10-13) AIN.
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this the target, and it is also dependent on the passing current and the deposition time.
Furthermore, it plays an important role of eliminating the oxidation to obtain a pure GaN
thin Im. The crystal growth occurs in two phases apparent in XRD diffraction peaks and
from PL. This thin Im could be applied as a window material or emitter in some solar
devices. From XRD and TEM investigation, we detected the formation of a strained region
beyond the SFs network, which may be due to the point defect clustering and a band of
planar defects that appeared in the surface. Time-resolved analysis reveals that PL intensity
decays mainly in 1.12 ns, while the rest of the counts decay in 4.2 ns. Finally, these results
support the use of a thermal evaporator for the growth of nano GaN patrticles used in short
light-emitting diodes.
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Table 3 shows the concentrations of different atoms in all the samples after annealing
at 1650 C. After annealing at high temperature, the concentration of oxygen impurities in
the non-polar Im decreased from 29.61% to 17.64%, while that in polar Im decreased from
26.03% to 14.49% and in the semi-polar Im decreased from 28.96% to 23.81%. This indicated
that the non-polar Im was strongly affected by HTA and the impurity concentration was
greatly reduced. The aggregation of screw dislocations was conducive to the adsorption of
oxygen impurities [ 27]. Consequently, the reduction in the oxygen impurity concentration
proved that HTA effectively reduced the dislocations in the Ims, such that the quality
of the non-polar Im after annealing was higher than that of the semi-polar Im, which
was consistent with the XRC tests. Through the tting of the O 1s spectra, a subpeak was
obtained near 531.8 eV, which originated from the Al-O octahedral complex in the grain and
was related to oxygen defects [24,26]. After HTA, the proportion of this subpeak decreased
from 53.4% to 42.6%. This should be assigned to HTA, which reduced the concentration of
oxygen impurities, inhibited the formation of defects, repaired the lattice damage of the

Im and improved the quality of the non-polar Im.

Table 3. The elemental concentrations of the polar, semi-polar and non-polar Ims with annealing at
1650 C.

Sample Al (at. %) N (at. %) C (at. %) O (at. %)
Polar 25.29 20.03 40.19 14.49
Semi-polar 16.73 17.19 42.37 23.81
Non-polar 24.29 17.22 40.85 17.64

The microstructure of the AIN Ims was characterized by SEM to clarify the mech-
anism of HTA of the Ims, as shown in Figure 5. Before annealing, the surfaces of the
Ims were covered with a large number of small particles, which indicated that the Ims
deposited by sputtering were uniform. In addition, the surfaces of the Ims showed discrete
grains and a large number of grain boundaries, showing that the Im had a high density
of dislocation. The surface grains of the semi-polar and non-polar Ims were tilted long
strips. This was due to anisotropic growth resulting in thin- Im stripe characteristics. After
annealing at high temperature, the grains of the polar, semi-polar and non-polar Ims
increased obviously and the grain boundaries decreased. The grain boundary contained
dislocations, impurity atoms and other defects. This indicated that the recrystallization
process reduced the grain boundaries of the Ims, thus reducing the defects and improving
the crystal quality of the Ims. The surfaces of the semi-polar and non-polar Ims after
annealing no longer exhibited obvious grain characteristics of long stripes. The crystal
quality of the non-polar Im after annealing was still a degree lower than that of the polar
Im. However, compared with the semi-polar Im, the non-polar Im had a higher crystal
quality with a larger grain size and fewer holes on the surface. This con rmed that the
anisotropy properties of the semi-polar and non-polar Ims were reduced after HTA, and
that the quality of the non-polar Im could be improved more easily through thermal
annealing than that of the semi-polar Im.

Raman spectra were used to analyze the effect of HTA on the stress state and quality
of the Ims. For an AIN crystal, the frequency shift of the E , (high) phonon peak position
is generally used to re ect the stress of the AIN Im. The E , (high) peak in stress-free
bulk AIN was 657.4 cm 1[2829]. The E, (high) peak of the sputtered AIN Ims was
located at 656.0 cm 1, which indicated that the stress state of the sputtered Im was tensile
stress. After annealing at high temperature, the E» (high) Raman peak of the non-polar
Im was blue shifted, as shown in Figure 6a. The blue shift increased with the increase in
annealing temperature and the shifted peak was greater than 657.4 cm 1. This phenomenon
showed that after annealing, the stress of the Im was released, and the Im changed from
tensile stress to compressive stress. The change of stress state may be attributed to the
recrystallization process in the Im during annealing. In the recrystallization process,
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4. Conclusions

In summary, the thermal annealing of AIN Ims with different polarities was studied

in this paper. The quality of polar, semi-polar and non-polar Ims was improved by thermal
annealing. The Ims with different polarities had different degrees of quality improvement.
Although there was a gap between the quality of the non-polar Im and that of the polar
Im after annealing, compared with the semi-polar Im, the non-polar Im was easier to
treat to achieve quality improvement. XPS tests showed that the quality difference between
the Ims was related to the concentration of impurities. Compared with the semi-polar
Im, the concentration of impurities in the non-polar Im was greatly reduced. The thermal
annealing process could effectively reduce impurities and inhibit the formation of defects
in the Im, and the non-polar Im was greatly affected by the annealing temperature.
Combined with the surface morphology images, we can draw the conclusion that under
the treatment conditions used in this study, the essence of crystal quality improvement lies
in the annihilation of grain boundaries during the annealing process. In addition, HTA
reduced the anisotropy of the non-polar and semi-polar Ims, improving the quality of
these Ims. The blue shift of the Raman phonon peak and the reduction in the linewidth
further revealed that the stress state and quality of the Ims changed during annealing. The
Ims with different polarities exhibited different stresses after HTA. During the annealing
process, the stress state of the Ims changed from tensile stress to compressive stress, the
dislocation and defects of the Ims were reduced and the quality of the Ims improved.
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