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Gallium Nitride on Silicon (GaN-on-Si) devices feature a relatively thick epi buffer layer to release
the stress related to the lattice constant mismatch between GaN and Si. The buffer layer is formed
by several AlGaN-based transition layers with different Al contents. This work addresses the fun-
damental question of whether two-dimensional hole gases (2DHGs) exist at those interfaces where
the theory predicts a high concentration of a negative fixed charge as a consequence of the disconti-
nuity in polarization between the layers. In this study, we demonstrate that the presence of such
2DHGs is consistent with the measured vertical Capacitance-Votage Profiling (CV) and
Technology Caomputer-Aided Design (TCAD) simulation in the whole range of measurable fre-
quencies (10 mHz—1 MHz). N-type compensating background donor included in the epi structure
in the simulation deck proves to be crucial to explain the depletion region extension consistent with
the CV experimental data. For the standard range of frequencies (1 kHz—1 MHz), there was no indi-
cation of the presence of 2DHGs. A set of ultra-low frequency (10 mHz—-10 Hz) measurements per-
formed were able to reveal the existence of 2DHGs. The outcome of these ultra-low frequency
experiments was matched with TCAD simulations which validated our theory. Published by AIP

Publishing. [http://dx.doi.org/10.1063/1.4980140]

GaN-based power devices have been recognized as the
most promising technology able to displace Si in 600 V-rated
power applications for achieving high efficiency energy con-
version. This is due to the unique material advantage of GaN
over its Si counterpart, such as the high critical electric field
(3.3MV/cm) and high channel mobility (~2000cm?*/Vs) of
electrons confined in the channel at the AlGaN/GaN inter-
face.'™ Moreover, the possibility to grow GaN on the Si sub-
strate has paved the way to a low-cost, high efficient gallium
nitride on silicon (GaN-on-Si) technology. However, epi
growth-related problems, such as defects and dopants behaving
as traps, lead to reliability issues and thus constitute a chal-
lenge to the optimum performance of these technologies.®” In
order to solve trap-related malfunctions, it is essential to under-
stand the interplay between carriers, traps, and transport pro-
cesses through various interfaces.® An effective way to do this
is to build a realistic Technology Caomputer-Aided Design
(TCAD) model able to take into account the various transport
mechanisms and trap dynamics. The endeavor to model the epi
layer of GaN-on-Si is baffled by the unknowns inside the epi
at the present time. Due to the lattice constant mismatch
between (111) Si and (0001) GaN, the stress management of
the film often dictates a multi-layer epi growth scheme with
layers of Al,Ga; (N of descending x from bottom to top. Such
arrangement evokes a fundamental question regarding the exis-
tence of Two Dimensional Hole Gas (2DHG) present at these
interfaces generated by the high negative polarization charge.

The question is of paramount importance for any serious
attempt to model the epi stack, since the presence or the lack
thereof of these carriers affect the carrier modulation of the
field and a host of transient/dynamic charging phenomena.
This is because if 2DHGs are present, for the same high volt-
age applied, the depletion region in the buffer and transition
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layers will be reduced, thus increasing the vertical capacitance
level. Very few reports on the detection of 2DHG were pub-
lished”'? and even fewer on 2DHG within the transition layer
stack."” In Refs. 9-12, the 2DHGs discussed are electrically
connected to the source and drain contacts, thus behaving as
conductive channels (and not buried in the epi-structure or
transition layer as discussed in this manuscript). This allowed
the detection and characterisation of 2DHG concentration by
means of conventional electrical characterisation by measur-
ing the channel conduction current. In addition, many of these
analyzed structures include a heavily Mg doped p-type cap,
making the origin of the 2DHG fuzzy. In those publications
where the 2DHG at transition layers’ interface is the focus of
study," variable magnetic fields and temperature Hall effect
measurements together with the mobility spectrum analysis (i-
QMSA) were employed to detangle the contribution of 2DHG
from the one given by the 2DEG within the channel. The con-
clusion whether 2DHG exists at the interface or not was far
from being obvious. Due to this very uncertainty about
2DHG, many theoretical and simulation works have adopted
the approach to treat the multi-layered epi with a simplified
composition of layers or more often to lump them into a single
layer, avoiding the issue of 2DHG at the interfaces alto-
gether.7’8‘14’15 We have also carried out extensive
Capacitance-Votage Profiling (CV) measurements in the stan-
dard frequency range (kHz to MHz), but no convincing evi-
dence of the existence of the hole carrier layer has been
found. In this work, the authors demonstrate via measure-
ments and TCAD simulations that an ultra-low frequency CV
is a key to the detection of the 2DHG in the epi stack. No
detection of 2DHG in this manner has ever been reported.

Fig. 1(a) shows the MOCVD-grown GaN-on-Si epi
structure, as measured and simulated. The epitaxial growth

Published by AIP Publishing.
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begins with a nucleation layer of AIN on a p-doped silicon
substrate. Due to the lattice constant mismatch between
silicon (111) and GaN (0001), a multi-layer scheme with
descending mole fraction (Transition Layer) is employed
between the nucleation layer and the GaN channel to
manage the growth stress. The main 2DEG (i.e., the channel
of the transistor) is formed at the interface between the
AlGaN barrier layer and the GaN channel layer at y=0 um.
Typical dimensions of the active layer and the transition
layer together with the used Al mole fractions are given
in Fig. 1(a). The Il-nitride material is a pyroelectric
material with a negative polarization (pointing down) for the
Ga-face growth, which increases linearly with the Al mole
fraction x.'® As a consequence, at the interface between an
upper layer with a given x value and an under layer with a
lower x value, a net positive charge exists, such as at the
interface between the AlGaN barrier and the GaN channel,
resulting in the generation of the 2DEG. Similarly, at the
interface between an upper layer with a low x value and an
under layer with a high x value, as it is the case for all the
interfaces in the transition layers, a net negative charge
exists. As a result of this very high negative fixed charge, a
2DHG should be formed at each of these interfaces based on
electrostatics ground. Carbon doping was included in the
epi-structure in order to reduce the off-state leakage. The
doping profile extracted from SIMS measurements is sche-
matically reproduced in Fig. 1(b).Vertical CV measurements
and numerical simulations were carried out on the structure
of Fig. 1(a).

In order to perform this analysis, source, drain, and gate
electrodes were connected together to a zero bias terminal,
and a negative sweeping voltage was applied to the substrate.
With this configuration, the main 2DEG that is electrically
connected to the zero potential via the source and drain
contacts behaves as the “top plate” of the measured CV,
while the substrate acts as the “bottom plate.” The measured
and simulated CV characteristic refers to the capacitance
between the top and bottom plate as a function of the
increasing voltage = Vop-Vporom. For ultra-low frequencies,
the maximum limit imposed by the system is 20V. The
sweep rate is dependent on the measurement frequency with
10V/s for f=1kHz and with 1 mV/s for f=10mHz. The
Synopsys TCAD software was used to simulate the structure
in Fig. 1(a) and confirm the experimental analysis. The drift
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FIG. 1.(a) The representative epi
structure of GaN on Si using the multi-
transition layer growth scheme. On a
light p Si substrate, Al;Ga; (N layers
of descending mole fraction x have
been grown on top of each other. At
various interfaces, 2DEG and 2DHG
are shown in the figure. The corre-
sponding net polarization charge (posi-
tive and negative) is also shown. (b)
Carbon doping profile as included in
the epi-structure.
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diffusion model is employed, and nominal GaN material
parameters are used unless otherwise specified. Unlike many
simulation works which simplify or lump the transition
layers together, polarization charge at all interfaces are
calculated and placed according to Refs. 16 and 17. All
the layers simulated, except the top AlGaN barrier, are
assumed to be completely relaxed. A surface donor trap of
2.7x 10" cm™? and E,=0.18eV from the conduction band
is placed at the surface of the AlGaN barrier.'* The epi bulk
acceptor trap spatial distribution are modeled according to
the carbon profiling as shown in Fig. 1(b) with an energy
level equal to 1.3eV above the valence band. This energy
level, deeper than the commonly quoted 0.9 eV for carbon,'®
is chosen. The comparison between the effects of these
two levels, however, is considered and included in the fol-
lowing analysis. An N-type background doping equal to
9 x 10" cm™> was included in the simulated epi, and its
influence on the CV is discussed in details with the results.

Figure 2 shows the simulated band diagram (a) and
electron/hole concentration (b) in the epi at zero bias. The
several peaks of hole concentration referred as 2DHGs and
confined at the interfaces wherever negative net polarization
charge resides are clearly indicated. The measured and simu-
lated vertical CV curves at f=1kHz are shown in Fig. 3.
One can note that the simulations with carbon level 1.3eV
predict fairly well the experimental results with the capaci-
tance being equal to ~1.7 nF/cm? at zero bias and stepping
down to ~1.33nF/cm? at V = ~370 V. The step observed in
the CV is associated with the depletion of the main 2DEG-
channel which acted as the top plate of the capacitance and
as such was shielding the contribution to the CV given by
the layers above it. Once the 2DEG is depleted, the capaci-
tance of the top layers (above 2DEG) contributes to the
series of the capacitance (below the 2DEG), leading to a
reduction in the overall vertical capacitance.

The depletion of the 2DEG with the voltage is clearly
shown in the inset of Fig. 3 where a negligible 2DEG density
is observed for V >250V voltages for which the CV drops
to its lower value.

It is clear from the comparison of the simulated results
in Fig. 3 that modeling the carbon as a single acceptor at
0.9eV leads to a disagreement with the measurement results
in two significant ways: (1) a step is observable around 90 V
for f =1 kHz for the depletion of the 2nd 2DHG and (2) the
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FIG. 2. (a) Conduction band, valence band, and Fermi level at equilibrium.
(b) Electron and hole density at equilibrium.
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FIG. 3. Measured and simulated vertical CV of a device with the epi stack is
shown in Fig. 1 at f=1 kHz. The simulated curves are for carbon levels of
1.3eV and 0.9eV from the valence band, showing a much better match for
the deeper level 1.3 eV. The steps in the CV around 350 V correspond to the
depletion of the 2DEG channel (Inset-top-right). CV measurement and simu-
lation electrical connections (Inset-bottom-left).
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step corresponding to a faster depletion of 2DEG appears at
lower voltage. The fact that both effects are absent in the
real measurement indicates that the heavily doped carbon, to
a large extent, remains inactive in creating p carriers and in
trapping, possibly through a self-cancelling arrangement
such as in the model of autocompensation.” Its role in 2DHG
detection thus is very limited, and for this reason, a deeper
trap energy level (1.3eV) was considered for it. In fact,
TCAD simulations predicted that even in the absence of the
carbon acceptor traps the major conclusions regarding
2DHG at normal and ultralow frequency still hold.

In order to match the experimental results, n-type back-
ground doping of 9 x 10'*cm ™ was included in the TCAD
input deck. Neglecting the presence of such background dop-
ing would result in a very high hole concentration in between
the 2DHGs present in the transition layer, as shown in the
inset of Fig. 4. While the 2DHG peak densities at the interfa-
ces remain practically unaffected, the bulk hole density
inside the regions connecting the different 2DHGs has been
reduced by ten orders of magnitude with the introduction of
the compensating donor doping. In fact, the RC response
time of the 2DHGs to the AC signal without the background
doping reduces significantly. The uncompensated epi would
therefore reveal the presence of the 2DHGs in a series of
steps corresponding to the consecutive depletion of them.

This is shown in Fig. 4 where the simulated CV is plotted
with and without the n-type background doping. It is worth
mentioning that n-type background doping is known to be
present in MOCVD grown GaN epi by virtue of oxygen impu-
rities acting as donors.!” We believe that considering the
n-type compensation is crucial to reproduce the charge bal-
ance inside the overly p-type epi, and at the same time, it is
the main factor that suppressed the 2DHGs signal from being
seen in our CV experiments in the normal frequency range
(kHz to MHz). In Fig. 5, the simulated CV without 2DHGs
(obtained by removing the negative polarization charge at the
heterointerfaces) is shown. The CV curve in this case is flat at
a low voltage range, a characteristics shared by the measured
CV as well as simulated CV with 2DHG compensated by
background compensating donors at f=1kHz. One can also
notice that the 2DEG depletion occurs at much higher vol-
tages in the case of no 2DHGs in the epi-structure.
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FIG. 4. Simulated vertical CV at f=1kHz with 9 x 10'*cm™ of n-type
background doping and without background doping. Inset: Simulated hole
density without and with background compensating donor of 9 x 10" cm ™2
at zero bias.
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FIG. 5. Simulated CV at f = 1 kHz with and without 2DHGs (background n-
type doping 9 x 10'* cm™ and carbon energy level 1.3 eV from the valence
band). Inset: IdVd with and without 2DHGs.

An ultralow frequency CV experiment was set in order
to capture the slow response of the 2DHGs in a compen-
sated epi to the AC signal. This was followed by an equiva-
lent simulation set-up. The results of this analysis are
shown in Fig. 6 where it can be observed that the measure-
ment reveals a significant transition step, corresponding
2DHG push-out by the positive bias, at 10 mHz. This is in
strong agreement with the simulation result. The step size
as well as the zero-volt-capacitance value decreases with
increasing frequency and eventually transitions to a flat CV
at a high frequency. Although quantitative match is not per-
fect at this point, the qualitative agreement between simula-
tion and experiment strongly supports the existence of
2DHG at the interfaces between epi layers. Given the dif-
ferent growth condition for each layer of the epi-structure,
it is conceivable that the spatially uniform compensating
donor profile is a simple but not realistic representation of
the background doping profile. This could be a potential
cause of quantitative difference in Fig. 6. The precise pro-
file is unknown in the literature. It is very likely to depend
on growth conditions, Al mole fraction, and P-type doping.
One theory of compensation involves carbon.

It is important to stress that the ultralow frequency (10
mHz to 10Hz) CV admittance was verified to be dominated

Meas.1 kHz- Sim 1kHz /"~

s 10 15
Voltage (V)

FIG. 6. Simulated and measured ultralow frequency (10 mHz, 100 mHz, and
1 Hz) and high frequency (1 kHz) vertical CV measurement. At 10 mHz, a
step of considerable size around 15 V is clearly observable in both simula-
tion and measurement. The step size and the capacitance at zero volt
decrease with increasing frequency and becomes virtually flat for £ > 10 Hz.
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FIG. 7. Simulated hole density during the CV sweep at 10 mHz for V =10,
20, 80, and 100 V.

by capacitance (phase angle close to 90°). Moreover, to fur-
ther confirm the dominance of the capacitive contribution
over a change in the vertical resistance in the ultralow
frequency capacitance, quasi-DC vertical leakage current
was measured for the same range of voltages (up to 20V).
Unfortunately, the measured current is in the range of pA,
close to instrument detection limit and cannot provide any
relevant information.

Fig. 7 shows the depletion of the top two 2DHG corre-
sponding to the step at ~15 and 90V (not shown due to the
limitation of the experimental set-up). The good match of
the step voltage between measurements and simulations
(Fig.6) is an indication that the value of interface charge con-
sidered in our analysis is realistic. We expect that a reduction
in interface charge would result in a variation in the voltage
at which the step occurs but not at the capacitance level. A
shift in the voltage step (in measurements seen at ~15V)
can only occur when the Ist interface charge (corresponding
to the 1st most-shallow-2DHG) varies. For a fixed 1st inter-
face charge, a 2nd interface charge (corresponding to the 2nd
2DHG from the top) variation produces no shift of the step
because of the shielding created by the first 2DHG. This can
be clearly seen from the simulation results shown in Fig.
8 where the capacitance is plotted against the voltage for dif-
ferent levels of 1st and 2nd interface charges.

We have demonstrated that the presence of 2DHGs is
consistent with the measured vertical CV and TCAD
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FIG. 8. Simulated f =10 mHz CV with variation of Ist and 2nd interface
charge from 100% to 50% showing the sensitivity of the step at 15V to the
1st interface charge but not to the 2nd.



163506-5 Sun et al.

simulation in the whole range of measurable frequencies (10
mHz— 1 MHz). Compensating background donor inside the
epi is the a key factor in the suppression of the high fre-
quency CV steps corresponding to 2DHG depletion.
Although background doping has been previously included
in simulation decks,'® this is the first time that its impact on
the vertical CV is discussed, and moreover, this is the first
time that the 2DHG has been detected using an ultralow fre-
quency CV measurement.

J. Sun wishes to thank G. Curatola for valuable insight,
S. Khalil for helpful input, Device Characterization team at
Chandler AZ, and Epi development team at Mesa AZ of
Infineon Technologies Americas for characterization support
and sample supply.
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