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Abstract: Many kinds of defects are present in the different layers of GaN-on-Si epitaxy. Their study
is very important, especially because they play a significant role on the device characteristics. This
paper investigates the cause of the temperature dependence of the output and Miller capacitance at
three temperatures: 25 °C, 75 °C and 150 °C of GaN-on-Si power transistors. In particular, this study
focuses on the temperature dependence of the depletion voltage seen in these characteristics due to
the progressive depletion of the two-dimensional electron gas (2DEG) under the device field plates.
First, variations of the epitaxial growth are studied, showing that the intrinsic carbon concentration
does not play a significant role. Secondly, the deep acceptor trap origin of the temperature dependence
is analyzed with a TCAD simulation study. Thirdly, by adjusting TCAD parameters and binding
them with experimental concentrations to fit experimental data, trap properties were obtained. The
comparison of these properties with the acceptor traps in the literature suggests that the origin is a
gallium vacancy tied to oxygen atom(s) on the N site.

Keywords: power electronics; wide bandgap; gallium nitride; capacitance; traps; TCAD

1. Introduction

GaN-on-silicon technology is increasingly used to manufacture low-cost lateral Al-
GaN/GaN power diodes and transistors in the 100 V to 1000 V range [1] for 10 kHz to
100 MHz applications [2]. The high frequency range is achievable because the parasitic
capacitance and therefore the charge related (Qg, Qgp) to the device are very small with
respect to its SiC and Si counterparts [3]. As the parasitic capacitance plays a significant
role in the switching and especially in the switching losses [4-8], care must be taken to
optimize these characteristics to prevent any switching issues [9].

The parasitic capacitance of lateral GaN transistors and diodes are reported to be
highly nonlinear due to the capacitive coupling between field plate and the 2DEG that can
be depleted in blocking mode as shown in the study of Weiss et al. [10]. The temperature
dependence of the characteristics has already been observed in the literature for compact
modelling in the Advanced Spice Model for High Electron Mobility Transistor (ASM-
HEMT) [11,12] and the MIT Virtual Source GaNFET (MSVG) model [13,14]. Nevertheless,
to the authors” knowledge, the temperature dependence origin has not yet been identified,
and its non-linearity has not yet been studied for compact modeling implementation.

In this article, the temperature dependence of the output and Miller capacitance in fully
recessed metal insulator semiconductor high electron mobility transistors (MIS-HEMT)
fabricated on 200 mm GaN-on-Si epitaxy is studied. Experimental analysis was conducted
in parallel with a TCAD study and fitting was performed to extract trap properties whose
origin is discussed by comparison with the literature.
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2. Materials and Methods

The power transistor used for this study was fabricated on epitaxial layers grown by
Metal Organic Vapor Phase Epitaxy (MOVPE) on an Aixtron® Crius® R200 tool (AIXTRON
SE, Herzogenrath, Germany), using 1 mm thick, 200 mm diameter silicon (111) substrates
with a resistivity between 3 and 20 ().cm. The 4.05 um thick epitaxial structure was com-
posed of five different parts: an AIN nucleation layer, AlyGaj.,N Strain Relief Layers (SRL),
a GaN:C layer, the active AlIGaN/AIN/GaN layers and finally an in situ SizNy layer to pro-
tect the hetero-junction. This epitaxy is designed to withstand voltage higher than 1000 V.
To ensure the normally-off operation, a fully recessed MIS gate was made by etching the
AlGaN/AIN/GaN layers with an Atomic Layer Etching (ALE) process. After cleaning the
surface, the alumina gate dielectric was deposited by Atomic Layer Deposition (ALD) and
covered by TiN/W gate metal layers. Next, low temperature Ti/ Al Ohmic contacts were
formed on both side of the gate in direct contact with the 2DEG. Consecutive metallizations
and passivations ended the process to build the field plate structure illustrated in Figure 1
composed of six field plates: FPG, FPsl1, FPs2, FPd1, FPd2, and FPd3. The source deported
stepped field plates named FPsl and FPs2 protect the gate. The four other field plates are
designed for the electric field distribution tailoring to meet the low current collapse and the
breakdown voltage specification. This field plate system allows the transistor to withstand
at least 650 V in blocking mode [15].

Passivation layers Passivation layers

GaN:C

AlGaN buffer layers AlGaN buffer layers

AIN nucleation layer

Silicon substrate

Figure 1. Transistor detailed cross-section in (a) the experiments (b) the TCAD simulation.

To simulate this device, Synopsys® Sentaurus™ [16] (Synopsys, San Jose, United
States) was used. The experimental transistor design and buffer layers were implemented
with a few minor changes. Figure 1a,b show the differences between the true structure and
the TCAD model, and we see that the silicon has been removed, and the AlGaN buffer layers
and AIN nucleation layer have been simplified into AlGaN buffer layers. This choice allows
saving convergence time while being able to reproduce experimental data with a grounded
substrate. Concerning the device physics, the piezoelectric polarization strain model with
Vurgaftman values [17] was used for the calculation of spontaneous and piezoelectric
polarization effect. This model was activated only at the AIGaN/Si3Ny interface and at the
GaN/AIN/AlGaN interfaces because the strain in the buffer layers evolves strongly during
growth [18] and is quite challenging to model accurately. In addition, the activation of this
model was tuned to fit the electron density in the 2DEG. At the AlGaN/Si3Ny interface,
surface donors with a concentration of 5 x 10! cm~2 at an energy level of 1.6 eV [19,20]
below the conduction band were implemented to compensate for the polarization charges
at this interface. Other traps were introduced in the epitaxy as detailed in the next section.

The electrical measurements of the experimental study were performed with the
Keysight® B1505 (Keysight, Santa Rosa, United States) coupling the Multi-Frequency
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Capacitance Measurement Unit (MFCMU) and the High-voltage Source Measurement Unit
(HV SMU). A DC voltage sweep from 0 V to 200 V with a step of 2 V was applied at the
drain. The DC and AC signals were mixed with the N1260A Bias Tee. The integration time
was done over two power line cycles (PLC). To choose the proper ramp rate, the delay
time was tuned with time monitoring during the whole sweep: 1 ms for 7 V/s and 360 ms
for3V/s.

A preliminary study was conducted on a test wafer to check the impact of the epitaxial
growth rate (GR) of the GaN:C layer on atomic distributions with Secondary Ion Mass
Spectroscopy (SIMS). The different tested GaN:C epitaxial growth rates are those present on
the wafers used for the studied devices in this article: 5.8 pum/h and 10 um/h. The results of
this study are summarized in Table 1. As the carbon concentration decreases exponentially
with depth, only the bottom and top concentration are reported. It can be observed that the
intrinsic carbon content that is brought by the trimethylgallium (TMGa) precursor increases
by roughly a factor three with the growth rate. Concerning the other species present in the
epitaxy, Table 1 shows that the oxygen concentration is reported to be constant whatever the
growth rate and is between 0.3 to 0.5 a.u. in the GaN buffer (GaN:C and GaN in Figure 1a),
whereas, in the III-V buffer (AlGaN buffer layers and AIN nucleation layer in Figure 1a), it
is roughly equal to 1 a.u. This is a worthwhile element for the next section. Hydrogen is
also present in the epitaxy thanks to the TMGa, trimethylalluminium (TMAI) and ammonia
(NHj3) precursors. Its concentration is between that of carbon and oxygen.

Table 1. Atomic content in the buffer layers as a function of the GaN:C epitaxial growth rate.

GaN:C EpitaXial [C]GaN:C, top (a.u)/ [OlgaN buffer (@-u.)/ [HlGaN buffer (@.u.)/
Growth Rate (um/h)  [Clgan:c, bottom (@-u)  [Oljyr.vy puffer (@-u.) [Hlnrv buffer (a.u.)
5.8 100/20 0.3-0.5/1 3-7/7-9
10 300/50 0.3-0.5/1 3-7/7-9

The experimental temperature dependence was studied with the following proposed
methodology. In a first experimental part, the GaN:C epitaxial growth rate was changed to
indirectly assess the role of the intrinsic carbon concentration. The drain to source sweep
rate was varied to give information about the trap kinetics. In a second part, the qualitative
impact of deep acceptor traps in the epitaxy on the capacitance characteristic was analyzed
by TCAD, and finally, trap energy E5 and the trap cross-section op were adjusted to fit the
experimental data. By comparing these parameters to the literature, a possible origin of the
deep acceptor trap was found.

This study was performed on the Miller capacitance: Crss. The output capacitance:
Coss was not studied since both depend on the 2DEG depletion and so the results are
expected to be similar. The measurements were conducted with the gate biased in order
to have a voltage between the gate and the source (Vgs) equal to —2 V. The small signal
has a frequency of 1 MHz and an amplitude of 40 mV and all the measurements occurred
without illumination and with a grounded substrate.

3. Results
3.1. Experimental Study
3.1.1. GaN:C Epitaxial Growth Rate (GR) Dependence

To begin with, Figure 2a shows the non-linear capacitance versus voltage at three differ-
ent temperatures with three voltage drops corresponding to depletion voltages. A depletion
voltage is defined as the voltage for which the 2DEG is completely depleted under a field
plate [10]. For instance, the first one corresponds to the complete depletion of the 2DEG
under the gate field plate with the length FPG in Figure 1a, the second one under the first
source field plate (FPsl in Figure 1a) and so on and so forth. The temperature dependence
is visible on the depletion voltages with the most prominent dependence on the third
depletion voltage. Therefore, the parameter used in this article to study the temperature
dependence is the voltage for which the capacitance is equal to 0.005 pF/mm.
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Figure 2. (a) Experimental Cgrss(Vpg,T) at Vgg = —2 V. (b) Temperature dependence of the third
depletion voltage as a function of the GaN:C epitaxial growth rate for several devices.

The capacitance temperature dependence was studied as a function of the GaN:C
epitaxial growth rate: 5.8 um/h and 10 pm/h at a fixed sweep rate of 3 V/s. In Figure 2a,
the raw capacitance of representative transistors (transistors having a median behavior
among the tested transistors) is plotted. As the temperature rises, the depletion voltage
decreases. The only significant difference between the two GaN:C epitaxial growth rates
is visible at 25 °C where the depletion voltage is higher in the case of 5.8 um/h. This
means that the induced change of carbon concentration shown in Table 1 is probably not
correlated with the observed temperature dependence. Both behaviors are confirmed on
several devices as can be seen in Figure 2b.

According to the formula given by Ishida et al. [21], the depletion voltage should
be proportional to the sheet charge that is depleted in the GaN layer: the 2DEG sheet
density. Indeed, by considering that a field plate structure locally depletes the 2DEG
underneath it thanks to its capacitive coupling, as explained by Weiss et al. [10], the
formula can be applied. To extract the electron sheet density, Ng, capacitive measurements,
on a 200 x 200 pum? Gated Van Der Pauw (VDP) structure, were performed. Schematic
cross-section of the test structure is shown in Figure 4 of [22]. They were performed with a
small signal of 40 mV and a frequency of 1 kHz. Integrating the obtained capacitance versus
voltage characteristic in Figure 3a from —15 V to 0 V allows the extraction of the electron
density. The Ng for every temperature and GaN:C epitaxial growth rate are summarized in
Figure 3b. The Ng is shown to be independent of the growth rate and is quasi-constant with
temperature. Thus, by contrast with what is expected from the formula given by Ishida
et al. [21] for an ideal device, depletion voltage decreasing trend with temperature, shown
in Figure 2b, cannot be related to the variation of the electron density.
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Figure 3. (a) Capacitance versus voltage measurement of Gated Van Der Pauw structure. (b) Extracted
electron density as a function of the temperature for two different growth rates.
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3.1.2. Ramp Rate (RR) Dependence

In this part, the capacitance temperature dependence was studied as a function of
the ramp rate: 3 V/s and 7 V/s at a fixed GaN:C epitaxial growth rate of 5.8 um/h. In
Figure 4a, the raw capacitance of representative transistors (transistors having a median
behavior among the tested transistors) is plotted. The only significant effect is visible at
75 °C: the depletion voltage decreases when the ramp rate is reduced. This is confirmed on
several devices, as can be seen in Figure 4b. Thus, the studied trend is found to depend on
time and temperature as in the case of trapping kinetics. This is why in the next part, in
TCAD simulation, the qualitative impact of deep acceptor traps will be studied.

ﬁsrowrh rate = 5.8 um/h|™=— 25°C E 100+ .
Q [ 11
(&) @ RR (V/s) :|
8 7.0
Circle : RR = 3 V/s S g 8o | &30
c L 0
S e 2
£O 60
=
-;C} \Gmwth :'ate = 5.8 pmﬂ:].. ('_DQ)

S b)40 25.0 75.0 150.0
S Temperature (°C)

Figure 4. (a) Experimental Crss(Vpg,T). (b) Temperature dependence of the third depletion voltage
as a function of the ramp rate (the two ramp rates were tested with different devices).

3.2. TCAD Simulation Study

The TCAD simulation of the studied structure allows the simulation of the impact of
deep acceptor traps on the capacitance characteristics. In this sub-section, deep acceptor
traps are introduced within the well-known partial auto-compensation model [23]. In this
model, deep acceptor traps at an energy of around 0.9 eV (from the valence band) are
coupled with shallow donor traps at an energy of 0.11 eV (from the conduction band).
The model is used to simulate AlGaN/GaN devices [24-26] because it reproduces the
semi-insulating properties of carbon doped GaN layers as described by Uren et al. [27]
to explain the current collapse dynamic [28-30], the electric field dynamic variation [31],
threshold voltage instabilities [32], and backgating transient measurement [33]. The deep
acceptor traps are related to the carbon in N-site: Cy; because it was shown to be at 0.9 eV
from the valence band based on calculation with the generalized Kohn-Sham scheme and
the hybrid functional of Heyd, Scuseria and Ernzerhof (HSE). In this article, the origin of
deep acceptor traps is detailed and discussed in Sections 3.3 and 3.4.

These deep acceptor traps and shallow donor traps are uniformly distributed in the
AlGaN buffer layers illustrated in Figure 1b and in the equivalent place of the GaN:C in
Figure 1a with a constant concentration [A] and [D], respectively. They show energies Ep
and Ep with cross-sections ¢4 j,+ and opp .- for holes: h* or electrons: e” respectively. op .-
is kept constant and equal to 1 x 10715 cm?.

In this subsection, the piezoelectric model was activated at 77% in order to obtain
the experimental value of the electron density in the 2DEG at 25 °C with a GaN:C epi-
taxial growth rate of 5.8 um/h: 7.35 X 1012 cm™2, as shown in Figure 3b. The partial
auto-compensation model is used with a high compensation value in our epitaxy. The
initial value of the compensation used for this qualitative study was 99.4%, as in [33]. The
combination of acceptor and donor traps gives an approximate trap concentration of
5 x 108 cm~3.

To understand how the different trap parameters affect the capacitance temperature
dependence, the different splits presented in Table 2 are compared in simulation with
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a ramp rate of a 3 V/s. First, the capacitance characteristic at different temperatures is
analyzed as a function of the deep acceptor traps energy (splits 1, 2 and 3) to show how the
trap ionization impacts the capacitance temperature dependence. Secondly, by comparing
splits 2, 4 and 5, the impact of the donor trap density is studied to confirm the presented
temperature dependence explanation. A closer look at the concentration dependence
keeping [A] — [D] constant will be analyzed with splits 5 and 8 to demonstrate that this is
the important quantity that must be mentioned when dealing with a compensation model.
Finally, with the splits 5, 6 and 7, the cross-section dependence is analyzed to assess its
impact on the depleted voltage temperature variation.

Table 2. TCAD simulation split table (with changed parameter in red).

Split Ea-Ev (eV) [A] (cm—3) oAt (cm?) Ec-Ep (eV) [D] (cm~—3)
1 0.6 2.5 % 1018 1 x 10716 0.11 2.485 x 1018
2 0.9 2.5 x 1018 1x 10716 0.11 2.485 x 1018
3 1.3 2.5 x 10'8 1 x 10716 0.11 2.485 x 1018
4 0.9 2.5 x 1018 1x 10716 0.11 2.44 x 1018
5 0.9 25 x 1018 1 x 10716 0.11 24 x 1018
6 0.9 2.5 % 1018 1x 10717 0.11 2.4 x 108
7 0.9 25 x 1018 1x10°15 0.11 2.4 x 108
8 0.9 1 x 1017 1 x 10716 0.11 0.99 x 1017

3.2.1. The Deep Acceptor Traps Energy Dependence

In Figure 5, the Miller capacitance was plotted against reverse bias at three temper-
atures on each graph for three different acceptor trap energies (5a,b,c). The temperature
dependence is visible at a trap energy of 0.9 eV. Moreover, the depletion voltage is re-
duced with temperature as in the experimental data. By contrast, for 0.6 eV and 1.3 eV, no
dependence is seen.

10%; 109 100,
™ EA—EV=0.fseV_3 EA—Ev=0.198eV73 ™~ EF - 135V
’g L [A] = 2.5x10 ign . ’g | [A] = 2.5x10 fgn . E § [A] = 2.5x10%® cm~3
E 10-1 ~ [D] = 4.485x10'® cm E 10-1! ~ [D] = 4.485x10®% cm E 10-1 . [D] = 4.485x108 cm~3
= - Oa pt = 1x107%6 cm? = O, n+ = 1x10716 cm? = b Oa ne = 1x10716 cm?
| N )
S 1 — At 25°C 2 | — At 25°C S — AL 25°C
0 1072 Sy At 75°C 0 1072 At 75°C 9 10-2 — At 75°C
L5,:' L) At 150°C % | HISO"C S = = At 150°C
10734 .~ Semmy 103 : . —
0 50 100 150 200 0 50 100 150 200
a 0 50 150 200 b C
) ) Vps (V) ) Vps (V)

Figure 5. Simulated Cgrss(Vps) temperature for different acceptor trap energy: (a) 0.6 eV (Split 1)
(b) 0.9 eV (Split 2) (c) 1.3 eV (Split 3).

By looking at the evolution of the acceptor trap ionization with temperature and the
drain voltage for split 2 in Figure 6, a hypothesis on the contribution of the excess acceptor
trap ionization on the 2DEG depletion can be deduced. The excess ionized acceptor traps
are defined as the ionized acceptor traps that are not compensated by the ionized donor
traps, which is what is displayed with the colormap in Figure 6. Indeed, it is shown that
whatever the temperature for 0 V, when the drain is biased at 75 V at 25 °C, the excess
ionized acceptor traps are distributed at the interface between the equivalent “GaN:C”
region and the top GaN layer, creating a negative charge layer, whereas when the drain is
75 V biased at 150 °C, the excess ionized acceptor traps are spread in all the buffer layers
between the gate and the drain. Therefore, to keep the overall electrostatic equilibrium with
respect to the 25 °C condition at 75 V, charges in the 2DEG have to be removed, resulting in
a more depleted 2DEG at the same voltage. The ionization of an excess of deep acceptors
with respect to the already ionized shallow donor traps can therefore explain the reduced
depletion voltage when the temperature is increased.
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Figure 6. TCAD acceptor trap ionization mapping of the split 2 (Eo-Ey = 0.9 eV) with the lower
tick parameter of the colored scale equal to the concentration of the donor traps at (a) Vgs = —2'V;
Vps=0V; T=25°C(b) Vgs=—2V;Vps=0V;T=150°C (c) Vgs=—2V; Vps =75V; T=25°C
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3.2.2. The Trap Concentration Dependence

Figure 7a illustrates the temperature variation of the third depletion voltage: V3 while
varying the donor traps concentration from 2.4 x 10'® cm™3 to 2.485 x 10'® cm 3 at a
fixed acceptor trap concentration of 2.5 x 10! em~3 (splits 2, 4 and 5 in Table 2). It is
shown that the temperature dependence of the depletion voltage increases with reducing
donor trap concentration. This confirms the hypothesis of excess acceptor trap ionization.
Indeed, by decreasing the donor trap ionization, the excess acceptor trap concentration
that can be ionized increases. Moreover, in Figure 7a, at 25 °C the depletion voltage is the
same whatever the concentration of donors, which means that no excess acceptor traps are
ionized at this temperature.

In addition, by keeping [A] — [D] constant and equal to 1 x 107 cm~3 and by
increasing the total trap density: [A] + [D] from 0.99 x 10 cm—3 (split 5 in Table 2) to
3.99 x 10" em~3 (split 8 in Table 2), it can be clearly seen in Figure 7b that the capacitance
temperature dependence is unchanged.

The last two observations confirm that it is the difference of ionization depending on
the trap properties that is responsible for the temperature dependence and not only the
difference between the acceptor and donor trap concentrations. We note that since the
donors are at a sufficiently shallow energy level, they are entirely ionized.
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(splits 5 and 8); (c) deep acceptor hole cross-section dependence of the third depletion voltage (V3) as
a function of the temperature (splits 5, 6 and 7).

3.2.3. The Deep Acceptor Trap Hole Cross-Section Dependence

Figure 7c investigates the deep acceptor trap hole cross-section impact on the third de-
pletion voltage (V3) temperature dependence. It varies from 1 x 10~ cm? to 1 x 10~1° cm?
(splits 5, 6 and 7 in Table 2). At 150 °C, there is no dependence, which shows that all the
excess acceptor traps are ionized. By contrast, at 75 °C, the higher the cross-section, the
lower the depletion voltage. This makes sense because at a given bias and temperature, by
increasing the cross-section, the probability of an acceptor trap being ionized rises, shifting
the depletion voltage to a lower value. Finally, at 25 °C, there is a small decrease because
the temperature dependence is probably shifted at a lower temperature range.

Thus, three conclusions arise from this qualitative study. (1) The negative temperature
dependence of depletion voltages of transistor capacitance characteristics occurs due to
the ionization of excess deep acceptor traps with respect to shallow donor traps. (2) The
deep acceptor traps’ energy level and their hole cross-section both determine together if
there is a temperature dependence between 25 °C and 150 °C. Finally, (3) the excess ionized
acceptor trap concentration determines the amplitude of the dependency.

3.3. TCAD Fit with the Experimental Study

A fit with the experiment was obtained at the ramp rate of 3 V/s in Figure 8a and
verified at 7 V/s in Figure 8b to validate the trap kinetics. The fits were obtained with
a difference between the deep acceptor traps and the shallow donor traps concentration:
[A] — [D] of 1 x 107 cm ™3, which is not new with respect to the literature [26,33,34] and
with an acceptor trap energy of 0.9 eV coupled with a hole cross-section of 1 x 10716 cm?.
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Figure 8. TCAD fit ([A] — [D] = 1 x 10" em™3; Ep-Ey = 09 eV; 0+ = 1 x 107! cm?) of the
experimental data with a GaN:C epitaxial growth rate of 5.8 pm/h of the capacitance temperature
dependence with a ramp rate of (a) 3V /s (b) 7 V/s.
Nevertheless, the fit is not perfect after the third depletion voltage and especially at
75 °C and 150 °C for voltages higher than 100 V. Indeed, it seems that the 2DEG is depleted
faster in the simulation, thus reaching the high-voltage constant capacitance faster at high
temperature. This difference may be due to the non-uniform distribution of traps in our
samples, as will be presented below.
To be exhaustive on the possible fitting parameters: acceptor trap energy and acceptor
trap hole cross-section, fits were made with the acceptor traps energy of 0.8, 0.85, 0.95 and
1.0 eV (not shown here). The obtained hole cross-sections combined with the trap energies
allow building an exponential relationship, shown in Figure 9. Then, by comparing the
exponential relationship with the deep acceptor traps properties reported in the litera-
ture [35-45] (see Figure 9) in the energy 0.8 to 1.0 eV energy range, it seems that hypothesis
involving only carbon on the N-site: Cy or gallium vacancy alone: Vg, or tied to a silicon
atom on the Ga-site: V,-Sig, can be discarded because the trap hole cross section mismatch
is too large. The remaining hypotheses involve oxygen as the gallium vacancy with oxygen
atom(s) on the N-site: Vg,-(On)x traps proposed by Polyakov et al. [43] and Lee et al. [45].
The validity of this hypothesis will be verified in the next part.
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Figure 9. Acceptor traps’ cross-section as a function of their energy with respect to the valence band.
Colors refer to the hypothesis proposed by the authors [35-45] (Cy: carbon on the N-site; Vg,-(On)x:
gallium vacancy with oxygen atom(s) on the N-site; V,: gallium vacancy; Vg,-Sig,: gallium vacancy
with a silicon atom on the Ga-site; Cn-On: carbon on the N-site with an oxygen atom on the N-site).
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3.4. V5a-(On)x Hypothesis Verification

Making a fit in the 1.0 to 1.2 eV energy range while keeping the choice of the acceptor
and donor trap concentration arbitrary (with [A] — [D] constant and equal to 1 x 10" em—3)
was not possible. Indeed, the choice of the absolute concentration matters in this energy
range on the position of the depletion voltage at 75 °C as the hole cross-section. This
is probably explained by the excess acceptor traps’ ionization distribution, as shown in
Figure 10. In fact, by looking at their distribution in the 0.8 to 1.0 eV energy range with hole
cross-section chosen accordingly to make a fit with the experimental data, when the energy
approaches 1.0 eV, the excess acceptor traps ionization distribution becomes non-uniform
with a maximum at the top of the distribution. Our hypothesis is, as long as the excess
acceptor traps’ ionization distribution is roughly constant, the qualitative study made
previously is valid.

.‘-‘.‘\_

2.466
AlGaN buffer '2.&33
2.400

b)

75V;75°C;E,— E, = 0.9 eV

elrappedCharge l |!l l:m'
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Figure 10. TCAD acceptor trap ionization mapping with the lower tick parameter of the colored scale
equal to the concentration of the donor traps at V=75 V; T =75 °C; [A] — [D] of 1 x 107 cm—3
() EA-Ey=08eV; 0,p,+ = 3 x 10718 am? (b) Ex-By=09eV; o,y = 1 x 10716 cm?
() Ea-Ey =1.0eV; 0+ =5 x 1071 em?.

The previous findings found that the remaining hypothesis for deeper traps are
associated with oxygen, and the absolute acceptor trap concentration can be bound by
the oxygen concentration found in the SIMS in the preliminary wafer, reported in Table 1,
while [A] - [D] is kept equal to 1 x 10 cm~3. There is approximately 1 a.u. of oxygen in
the AlyGaj«N buffer layers and from 0.3 to 0.5 a.u. in the GaN:C. Thus, the fit was verified
in Figure 11 with the quantity [A] equal to 1 a.u. in the AlyGa;«N buffer layers and 0.5 a.u.
in the GaN, except for the last 200 nm (supposed unintentionally doped without traps). It
was done with the energy of 1.1 eV and the hole cross-section of 1 x 10713 cm? as in the
article of Polyakov et al. [43]. Thus, gallium vacancy with oxygen atom(s) on the N-site
could be the origin of the capacitance temperature dependence of the studied transistors.

Moreover, Figure 11 with respect to Figure 8a proposes a better fit. That is why,
earlier on, the non-uniformity in the trap distribution is the proposed hypothesis for the
mismatch between experimental data and simulation at 75 °C and 150 °C for voltages
higher than 100 V.
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Figure 11. TCAD fit of the experimental data with a GaN:C epitaxial growth rate of 5.8 pm/h and a

ramp rate of 3 V/s with simulation for which the [A] is equal to 1 a.u. in the Al,Ga;_«N buffer layers
and 0.5 a.u. in the GaN except for the last two hundred nanometers ([A] — [D] of 1 X 107 em~3;
Ep-Ey=11eV;0,,+ =1x 107 cm?).

4. Conclusions

In this study, the temperature dependence of the output and Miller capacitance of
fully recessed AlGaN/GaN MIS-HEMT made on a 200 mm GaN-on-Si epitaxy was studied.
In particular, the depletion voltage temperature dependence at three different temperatures
(25°C, 75 °C and 150 °C) was analyzed. This was done thanks to experimental measure-
ment correlated with TCAD simulations. The experimental part demonstrated that this
dependence is neither linked to the GaN:C epitaxial growth rate nor to the electron density
in the channel. This means that the induced change of carbon content could not be corre-
lated with the studied capacitance temperature dependence. Nevertheless, the variation
of the bias sweep ramp rate revealed the time dependence of the depletion voltage. This,
in addition to the temperature dependence, demonstrated the trap origin. The qualitative
TCAD study focused on the buffer traps showed that the temperature dependence is due to
the deep acceptor traps excess with respect to the shallow donor traps. The acceptor traps’
energy level and the acceptor traps” hole cross-section together determine the temperature
range for which the temperature dependence will be visible on the depletion voltage,
whereas the excess ionized acceptor trap concentration determines the amplitude of this
dependence. Finally, adjustment of the TCAD traps parameters was conducted to obtain the
proper hole cross-section for a given acceptor trap’s energy in order to fit experimental data
in the 0.8 to 1.0 eV range. This led to the exponential relationship between both quantities.
The huge mismatch between this trend and the literature discarded some defects from
the origin hypothesis (especially the carbon related one). Finally, using deeper trap level
properties reported in the literature and bounding trap concentration to the oxygen one
found in SIMS, the acceptor trap origin may be a Gallium vacancy tied to oxygen atom(s)
in N site.
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