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ABSTRACT This brief presents a study on the effect of substrate choice on the performance of lateral
GaN transistors. This is accomplished using a previously calibrated TCAD model of the device which
was used to investigate the effect of substrate choice on capacitance-voltage characteristics of the device.
It is shown in simulation that CGD and CDS have a demonstrable dependence on substrate selection and
is consistent with expectations regarding the substrate materials conductivity. The device model was then
used in transient simulation where the choice of substrate was shown to noticeably affect the model’s
turn-on and turn-off energy.

INDEX TERMS Power transistors, Gallium compounds, semiconductor device modeling.

I. INTRODUCTION
Accurate modeling of power semiconductors is an important
tool to facilitate achievement of design goals in fabrication.
This process is especially attractive for next-generation gal-
lium nitride (GaN) devices which possess specific material
characteristics that can be emphasized to make them partic-
ularly beneficial for power electronic applications [1]–[3].
However, the relative immaturity of GaN (compared to sili-
con (Si)) processing makes experimental fabrication studies
prohibitively expensive. TCAD simulation software can be
used to simulate devices that are not currently available [4],
which reduces the need for costly fabrication studies.
This brief utilizes an empirically validated TCAD model

in Sentaurus TCAD of a fabricated GaN lateral FET to
investigate the effect of substrate materials on the switch-
ing performance of the device. The device in question is
similar in structure to the devices reported in [5] and [6].
This TCAD model was developed to accurately match IV
and CV characterization data of a fabricated device and is
described in detail in [7]. The calibrated forward and CV
curves of this TCAD model are shown in Fig. 1 and Fig. 2
respectively.

Previous works have investigated the impact on device
performance arising from different substrate thickness or
cuts [8], as well as termination types [9] for a given
substrate material. This work, instead, focuses on the pre-
fabrication decision of selecting a suitable substrate for one’s
device based on performance considerations which should be
balanced against initial substrate production costs.
The remainder of this brief is organized as follows:

Section II describes the effect of substrate selection on CDS
and CGD of the device as well as their dependence on VDS.
Section III discusses the effect of substrate selection on
switching characteristics using a transient simulation at dif-
ferent bias conditions. Section IV offers concluding remarks
and a discussion of future research directions.

II. EFFECT OF SUBSTRATE SELCTION ON CGD AND CDS
The investigation of substrate selection was confined to three
of the most prevalent options available commercially: sili-
con (Si), sapphire (Al2O3), and semi-insulating bulk GaN.
Although other substrates are also of interest to the commu-
nity (e.g., SiC), the three chosen here to represent a realistic
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FIGURE 1. Forward curves of recessed gate GaN FET with experimental
data (solid) and TCAD simulation (dashed). Simulation performed at
VGS = 0, 1, . . . , 8 V.

FIGURE 2. CV curves with experimental data (solid), and TCAD
simulation (dashed) for the recessed gate FET. Note that CGD is subject to
a measurement limit of approximately 400 fF.

set that a designer would consider in terms of cost and
feasibility.
Each material has a particular set of advantages. Si sub-

strates are relatively inexpensive, and can leverage mature
Si semiconductor technology, but suffer from a large ther-
mal and lattice mismatch with GaN which can lead to
high defect densities and wafer cracking [10]. GaN epitaxial
layers grown on GaN substrates exhibit low defect den-
sity (homoepitaxy) and do not suffer from thermal expansion
issues but are still only available in relatively small sizes and
therefore are expensive per wafer area [11]. Sapphire occu-
pies a middle ground between GaN and Si, in terms of cost,
defect densities, and the risk of thermal cracking [12].
To ascertain the effect, if any, of substrate selection on

CV characteristics of the device, the recessed gate device
described in [7] was simulated with each of the three chosen
substrates. A cross-section of this device with capacitances
of interest is shown in Fig. 3. The Si substrate in this
work is a p-type wafer at 1017 cm−3 grown using the
Czochralski process as described in [6] and as used in the
fitting described in [7]. As the Si substrate of the device is
100 µm thick (not shown in Fig. 3 for aesthetic reasons),

both the sapphire and GaN substrates were also simulated
at this thickness for consistency purposes. In all cases,
the substrates of the devices were source connected and
grounded. Traps were simulated at the SiN/AlGaN interface
and at the gate contact to achieve depletion as descried
in [7].
The effect of the substrate on CGS was found to be mini-

mal as CGS has very little dependence on VDS. The effect of
substrate selection on CGD and CDS was more pronounced.
In Fig. 4, there is a clear difference in the values of CDS
for the recessed gate device at high VDS bias. At high bias,
there is an approximately 75% and 85% reduction in CDS for
the sapphire and GaN substrates respectively as compared
to the Si substrate. This implies that at high bias, the choice
of substrate can have a substantial effect on the switching
performance of the device. Similar trends are observed for
CGD as shown in Fig. 5, which shows a 63% reduction for
the sapphire substrate and a 90% reduction for the GaN
substrate at high VDS bias. Although the magnitudes of the
reduction between CDS and CGD are different, the percent-
age decrease in each quantity is similar relative to the Si
substrate.
During events with high frequency content (e.g., switch-

ing), the conductivity of the substrate material will cause
it to act as a “parallel” capacitor to CGD and CDS. This
is shown physically in Fig. 3, in which the overall capac-
itances of these contacts are implicitly a function of the
terminal capacitances with coupling through the substrate.
Therefore, as the terminals’ geometry and spacing effect
on these quantities decreases with increasing voltage, the
substrate capacitances begin to dominate the total CDS and
CGD, becoming pronounced at high VDS bias. This expla-
nation is supported by an analytical model for coupling of
substrate capacitance to terminal capacitances of a HEMT
device as proposed in [13], in which the substrate is mod-
eled as a “back field plate” type structure which modulates
the small-signal response of the device. It is reasonable then
to assume that the differences in conductivity and permittiv-
ity between substrates provides sufficient causal explanation
for the observed trends. This is further reinforced by Fig. 6
which shows electric field as a function of vertical depth
at 600 V drain-source bias. The large increase in electric
field concentrated at the substrate junction at 100 µm corre-
sponds directly to the substrates effect on the device’s overall
capacitance.
Directly understanding the effect of this decrease in capac-

itance can be assessed by the output charge, QOSS, which
can be calculated as

QOSS =
∫ Vbias

0
(CDS + CGD)dVDS (1)

where Vbias is the applied DC bias voltage from drain to
source. The quantity, QOSS then represents the necessary
charge that must be supplied in order to turn a device on
or off. Since CDS and CGD are VDS-dependent, QOSS thus
quantifies how any change in CV affects switching energy.
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FIGURE 3. Physical layout of capacitances in transistor. The overall CDS is a parallel combination of CDS0 and CDB because of the source connected
substrate. CGD is a parallel combination of CGD0 and the series combination of CDB and CGB.

FIGURE 4. TCAD simulation of recessed gate FET for CDS versus VDS with
different substrates.

FIGURE 5. TCAD simulation of recessed gate FET for CGD versus VDS with
different substrates.

The results shown in Fig. 4 and 5 then will by (1) show
a distinct decrease in QOSS for the device with GaN and
Al2O3 substrates.

FIGURE 6. Comparison of electric field magnitude as a function of vertical
depth. Note junction line of device for substrate is at 100 µm.

With these observed changes in the CV characteristics and
output charge based on substrates, the same device can be
subjected to transient analysis in order to assess the total
impact of such differences on the switching capabilities of
the device under test.

III. EFFECT OF SUBSTRATE SELECTION ON TRANSIENT
PERFORMANCE
To assess the impact of the shifts in capacitances due to sub-
strate material variation, a transient simulation of the device
was performed. Both inductive and resistive load tests were
performed. The schematic for the resistive load test is shown
in Fig. 7 with the inductive load test merely substituting an
inductor for the resistor. Each of these bias circuits were
simulated with a gate resistance, RG, of 1 � and 5 �. Both
bias circuits were used to establish the effect on switching
performance due to the substrate selection independent of the
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TABLE 1. Simulated switching energies for devices with each substrate.

FIGURE 7. Bias circuit for resistive load transient simulations.

FIGURE 8. Comparison of turn-on edges for the recessed gate GaN FET for
a 400-V, 3-A application with a resistive load and an RG of 1 �. Solid lines
are voltage waveforms and dashed lines are current waveforms.

loading of the device. Additionally, no parasitic inductances
were added to the device in these simulations. While parasitic
inductances arising from packaging of a device are known
to influence the switching capabilities of GaN devices, they
were omitted here so as to isolate only the performance of
the device under test.
The turn-on edge for the GaN device is shown in Fig. 8 and

the turn-off edge in Fig. 9 for a 400-V, 3-A application with
a resistive load and an RG of 1 �. Fig. 8 shows a significant
increase in slew rate for each substrate choice corresponding
to the reduction in capacitance discussed in Section II. This
is primarily attributable to the decrease in total QOSS charge
for each substrate at 400 V drain-source bias.
The turn-on energy, EON of each test as well as the turn-

off energy EOFF was then calculated. The results of these
calculations for both the resistive load as well as the induc-
tive load for each substrate choice are summarized in Table I
for an RG of 1 � and an RG of 5 �. The entries of Table I
reflect the findings of Section II, which is that a reduc-
tion in the capacitance based on substrate selection lead
to a corresponding decrease in switching energy. Modern

FIGURE 9. Comparison of turn-off edges for the recessed gate GaN FET for
a 400-V, 3-A application with a resistive load and an RG of 1 �. Solid lines
are voltage waveforms and dashed lines are current waveforms.

power electronic converters based on GaN transistors rou-
tinely switch at frequencies of 1 MHz or more. Consequently,
the small differences in switching energy in Table I will
become substantial differences in losses over the lifetime of
such a part.

IV. CONCLUSION
This brief presented an assessment of the effect substrate
selection has on switching performance of a lateral GaN
FET. A previously developed model [7] was utilized to first
investigate the effect of substrate on the voltage-dependent
CGD and CDS characteristics of the device. It was found
that the choice of substrate led to a significant difference
in CGD and CDS for the device at high VDS bias which led
to a significant decrease in QOSS. The switching energy of
these devices under various load conditions was then eval-
uated based on this change in capacitance. This transient
study demonstrated that there are potential switching loss
benefits based on which substrate is selected, specifically
the use of GaN and Sapphire substrates over Si. These con-
siderations of improved performance by the reduction of
substrate coupling capacitances should be weighed against
the fabrication complexity and cost when selecting a sub-
strate material and process. That is, one should not only look
at the increased cost of using GaN or sapphire substrates in
a production design of a given lateral GaN power transis-
tor, but also consider the improved performance one should
expect electrically if these substrates are used.
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