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Abstract—The self-heating effect in electronic devices
can lead to localized hotspots, adversely affecting their per-
formance and reliability, particularly in high-power-density
devices like gallium nitride (GaN) high-electron-mobility
transistors (HEMTSs). In addition to enhancing heat dissi-
pation, reducing heat generation through structural design
can effectively modulate self-heating effects. This study
investigates the modulation effect of an asymmetric slant
field plate (FP) on self-heating in GaN HEMTs, using
electro-thermal simulations based on the drift-diffusion
model. Additionally, Monte Carlo (MC) simulations are
employed to examine the influence of the slant FP on
phonon ballistic transport under non-Fourier heat conduc-
tion. Results show that the slant FP smooths the potential
distribution and reduces the maximum electric field inten-
sity in the channel, thereby decreasing the maximum heat
generation density. With a slant angle of 6° and an FP
length of 1200 nm, the maximum heat generation density
is reduced by 50%, and the hotspot temperature rise is low-
ered by 16%. By adjusting the characteristic size of the heat
source, the slant FP further reduces near-junction thermal
resistance, achieving the hotspot temperature reduction of
over 30% under non-Fourier heat conduction. This work
aims to deepen the understanding of self-heating effects in
HEMT devices and explore a potential thermal management
strategy.

Index Terms— Electro-thermal simulation, high-electron-
mobility transistor (HEMT), self-heating effect, slant field
plate (FP).

[. INTRODUCTION

ALLIUM nitride (GaN) high-electron-mobility transis-

tors (HEMTs) are widely used in various engineering
applications due to their wide bandgap, high breakdown
voltage, and superior electron mobility. However, the per-
formance and reliability of these devices are significantly
constrained by self-heating effects, which arise from the
scattering of high-energy electrons with the lattice [1], [2].
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This issue is further exacerbated by high current density
and concentrated lateral electric fields, leading to the forma-
tion of a hotspot approximately 100 nm in size within the
2-D electron gas (2DEG) region beneath the gate, near the
drain side [3]. Moreover, as the characteristic size of devices
approaches the nanometer scale, phonon ballistic transport
results in near-junction temperatures that significantly exceed
predictions based on Fourier’s heat conduction law [4], [5].
Therefore, it is crucial to modulate heat generation within the
device to reduce self-heating and enhance performance.

Given the mechanism of heat generation in transistors,
effective control of the electric field is essential for modulating
the self-heating effect [6], [7]. Field plate (FP) technology
is widely applied in HEMT devices for its effectiveness in
reshaping the channel electric field distribution. While its role
in enhancing breakdown voltage is well-documented, research
on its impact on thermal properties remains limited. Several
studies have investigated the impact of flat FPs on device
hotspot temperatures and electric field [8], [9], [10], [11].
However, these studies have not yet explored how FP design
influences heat generation distribution, let alone address the
effects of non-Fourier heat conduction. In contrast to flat FPs,
which create additional electric field peaks at the edges of
the plate, slant FPs provide a continuous configuration that
results in a more uniform electric field distribution across
the channel, potentially enhancing modulation performance
[12], [13]. Furthermore, ignoring phonon ballistic transport
may underestimate the thermal impact of FPs, as micro-
nano scale heat sources amplify ballistic transport effects,
intensifying thermal challenges within the device [14], [15].
By smoothing the potential distribution, slant FPs can adjust
the heat source size, which may reduce ballistic effects. These
characteristics underscore the need for a detailed investigation
into the role of slant FPs in modulating self-heating effects
and phonon thermal transport.

This study investigates the impact of the asymmetric
slant FP structure on the self-heating effect in AlGaN/GaN
HEMTs through electro-thermal simulations based on the
drift-diffusion model. The results indicate that the slant FP
effectively makes the heat generation distribution more uni-
form within the GaN channel, significantly reducing the
maximum heat generation peak, thereby lowering the hot spot
temperature and improving the device’s thermal performance.
The modulation of self-heating becomes more pronounced
with increasing FP length and decreasing slant angle. Addi-
tionally, Monte Carlo (MC) simulations were conducted to
examine the influence of the slant FP on phonon transport,
demonstrating that the slant FP significantly reduces ballistic
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Fig. 1. Schematic of the simulated AlGaN/GaN HEMT with
gate-connected slant FP.

transport within the heat source, leading to a marked decrease
in peak temperatures. These findings validate the effectiveness
of slant FP technology in reducing maximum heat generation
density and minimizing hot spot temperatures, presenting a
novel strategy for thermal management in device applications.

Il. SIMULATION SETTINGS
A. Simulated Device Structure

The schematic of the simulated AlIGaN/GaN HEMT, based
on the structure reported in the literature [16], is shown
in Fig. 1. The heterojunction consists of a 17 nm thick
Alg26Gag 74N barrier layer with a donor concentration Np =
1 x 10'7 cm™3 and a 20 nm thick GaN channel layer. A 1 um
Aly.0sGag 9o N buffer layer above the substrate serves to reduce
interlayer stress and leakage current. An isothermal condition
(Thy = 300 K) is applied at the bottom of the substrate.
Additionally, heat dissipation at other interfaces is neglected
and treated as adiabatic boundary conditions. The total length
of the device is 2700 nm, with a default slant FP length of
1200 nm and an FP slant angle of 6°. The length and thickness
directions of the device are defined as the x- and y-directions,
respectively.

B. Electro-Thermal Simulation

The simulation in this study is based on a heterojunction
device simulation program developed using DEVSIM,
an open-source TCAD software with high flexibility and exten-
sibility, which solves partial differential equations based on the
finite volume method [17], [18]. The electro-thermal simula-
tion is mainly based on the classical drift-diffusion model and
heat conduction equation, which has been described in detail
in previous work [7], [19]. Carrier generation and recombi-
nation processes are limited to Shockley—Read—Hall (SRH)
recombination [20]. Electron mobility in GaN and AlGaN
is simulated using the Faramand-modified Caughey—Thomas
model [21]. The Caughey-Thomas expression accounts for
high field mobility, as alternative models for nitrides often
exhibit poor computational convergence [22]. The saturation
velocity is calibrated with experimental data to ensure accurate
modeling of GaN and AlGaN. Polarization parameters are
derived from previous studies, yielding a calculated 2DEG
interface electron concentration of 1.44 x 103 cm=2 [23].
In the thermal simulation, multiple heat generation mecha-
nisms are considered, including Joule heating, recombination
heat, and Thomson heat [6], [7]. The thermal conductivities
of GaN and AIN are set to 1.3 and 2.85 W/cm-K at 300 K,
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Fig. 2. Simulated /-V output characteristic curve compared with
experiment.

with temperature dependence considered [24]. The thermal
conductivity of Al,Ga;_,N, being lower than that of single-
component materials, is derived using interpolation based
on experimentally fit formulas [25]. The calculated thermal
conductivity of AlggGaggoN at 300 K is about 0.37 W/cm-K.
It is important to note that the simulations presented in this
article are conducted in two dimensions. This approach may
overestimate the temperature rise within the device due to the
omission of heat diffusion in the third dimension [26], [27].
However, since the focus of this study is the impact of
slant FPs on the heat generation pattern, we believe that the
main conclusions will remain valid despite the dimensionality
limitation.

The simulated /-V output characteristic curve is shown in
Fig. 2 and is compared with the experimental data extracted
from the literature [16]. Although the velocity saturation model
does not perfectly fit nitrides, the simulation results and
experimental data still show good agreement, demonstrating
the reliability of our simulation. As illustrated in Fig. 2, the
drain current decreases at high voltage when considering
the self-heating effect. This is due to the fact that, once
the carriers reach velocity saturation, the high electric field
further enhances scattering between the carriers and the lat-
tice, increasing heat generation. The resulting rise in channel
temperature then leads to a reduction in carrier mobility [28].

C. Phonon MC Simulations

The primary heat carriers in the device are phonons.
When the phonon mean free path (MFP) within the mate-
rial approaches or falls below the device’s characteristic
size, phonon transport exhibits pronounced ballistic effects
[29], [30]. This study employs phonon MC simulations under
the gray medium approximation to investigate the impact of
slant FPs on ballistic effects [31]. Although the gray medium
approximation assumes frequency-independent phonon prop-
erties, determining precise phonon parameters for Al,Ga;_,N
remains challenging. Additionally, since GaN is a commonly
used buffer layer material [26], [30], for simplicity, we approx-
imate AlyosGag9oN with a low Al concentration as GaN.
The MFPs of GaN and SiC are set to 1000 and 4500 nm,
respectively [32]. Other phonon properties are derived from
kinetic theory, as summarized in Table I, where v, and t
represent the phonon average group velocity and relaxation
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TABLE |
PHONON PROPERTIES USED IN SIMULATION
. Heat capacity Vg T
Material /K = m) MFP (nm) (m/s) )

GaN 3.01X10° 1000 129.42 7.73X10°
SiC 2.16X10° 4500 82.51 5.45%10%
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Fig. 3. (a) Temperature and (b) heat generation distribution (Vgs =
—1V, Vps =8YV). The top two figures show the results for a conventional
HEMT, while the bottom two figures present the results for a HEMT with
a slant FP.

time, respectively [33]. The interface between GaN and SiC is
modeled using the diffuse mismatch model (DMM) [34]. The
coupled simulation is unidirectional, with the MC simulation
depending on the heat source distribution provided by the
electro-thermal simulation [35]. Similar to the device simu-
lation, only heat dissipation at the bottom is considered, with
all other boundaries are treated as adiabatic. For more details
on the MC method, please refer to the relevant literature [36].

IIl. RESULTS AND DISCUSSION
A. Influence of Slant FP

The self-heating effects of the conventional HEMT and the
HEMT with a slant FP are compared in Fig. 3. The results
show that the slant FP does not significantly change the
hotspot location, which remains on the drain side beneath the
gate [30]. The 2DEG serves as the primary current channel for
GaN HEMTs, while its thickness is only a few nanometers.
As a result, the very thin, concentrated heat generation in
Fig. 3(b) corresponds to the green dotted line area in the left
figure. The slant FP reduces the maximum temperature from
365.2 to 354.6 K, with a decrease in maximum temperature
rise by about 16.3%, indicating a significant enhancement in
thermal performance. The main heat generation area appears to
migrate toward the drain, with its characteristic size increasing
from 100 to 200 nm. This change in heat source results
in a larger high-temperature area in HEMT with slant FP
as shown in Fig. 3(a). Heat source distribution demonstrates
that the devices with slant FP and flat FP exhibit distinct
heat generation characteristics: the flat FP induces multiple
heat generation peaks within the device, particularly at the
edges of the gate and FP [9], [10]. In contrast, the slant FP
diminishes the magnitude of the original heat generation peak
and promotes a more uniform electric field distribution, which
in turn shifts the hotspot location. This more uniform heat
distribution results in a lower junction temperature, further
demonstrating that the slant FP outperforms the flat FP.

B. Optimization of FP Geometry

Considering the strong modulation capability of the slant
FP on the self-heating effect in HEMTs, it is essential to
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Fig. 4. (a) Heat generation and (b) electric field distribution for different
slant FP length within the channel 1 nm below the AIGaN/GaN interface
(Vas=—-1V, Vps =8 V).

investigate the influence of geometric factors such as FP length
and slant angle. Under the same bias conditions (Vgs = —1V,
Vbs = 8 V), the simulated heat generation and electric field
distribution within the channel, 1 nm below the AlGaN/GaN
interface, for different slant FP lengths are presented in
Fig. 4. The FP length is varied from zero to 1200 nm for
a comprehensive analysis across a wide range of conditions.
The results indicate that the heat generation distribution is not
linearly correlated with FP length. When the FP length is short,
increasing it causes the heat generation peak to shift toward
the drain, and the maximum peak value decreases significantly.
However, after the FP reaches 200 nm, further changes in
FP length do not significantly affect the heat generation
distribution. This suggests that 200 nm is the optimal length
for improving the thermal performance of the device. Further
extending the FP beyond this length does not improve thermal
performance and may introduce parasitic capacitance. Notably,
compared to the HEMT structure without an FP, the 200 nm
slant FP reduces the device’s maximum heat generation peak
from 6 x 10'> W/cm? to 3 x 10'> W/cm?. Additionally, the
hotspot width increases from 100 to 200 nm, indicating that
the FP has little effect on overall power dissipation within the
device.

Heat generation in electronic devices is strongly influenced
by the electric field. When the carrier drift velocity reaches
saturation, a stronger electric field intensifies the scattering
processes between electrons and phonons, thereby enhancing
the self-heating effect [37]. The influence of the slant FP on
the device heat generation arises from its effect on the electric
field, as illustrated in Fig. 4(b). The data for the case with no
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FP and the results with a length of 1200 nm correspond to
the distribution in Fig. 3. The trend of electric field intensity
with slant FP length closely aligns with the heat generation
distribution. The electric field intensity is at its highest with no
FP and reaches its minimum when the slant FP length extends
to 200 nm, beyond which further changes in FP length do not
affect it.

The primary role of the FP is to increase the potential
gradient length within the channel, providing additional buffer-
ing for the rapid potential increase from the source to the
drain under the gate. Since the total range of potential change
remains constant, a more gradual increase in potential results
in a lower electric field, thereby enhancing the breakdown
voltage and improving thermal performance [13]. The slant
FP is particularly effective in maintaining this smooth potential
variation, which theoretically provides optimal results. How-
ever, as the length of the slant FP increases, the thickness of the
passivation layer beneath its edge near the drain also increases
[as indicated by the yellow triangle in Fig. 4(b)], diminishing
its influence on the potential within the channel. In the device
structure studied, slant FPs longer than 200 nm are unable to
further regulate the channel potential. The effect of passivation
layer thickness has been noted in previous studies on flat
FPs [9]. Furthermore, considering a simplified heat generation
model, £ x J [38], and integrating it one-dimensionally
along the channel, it is found that the total power dissipation
is related to the potential difference, given that the current
density in the 2DEG of the HEMT is approximately uniform
throughout. Since the total potential range (from source to
drain) remains unchanged, this explains why the slant FP does
not significantly affect the total power dissipation. Although
the slant FP does not reduce overall power dissipation, the
resulting decrease in hotspot temperature can significantly
enhance device reliability and performance.

In addition to the FP length, the FP slant angle is another
critical parameter. Fig. 5 illustrates the heat generation and
electric field distribution at various slant angles. The observed
trends in electric field and heat generation are consistent,
highlighting their direct correlation. For a slant FP length
of 100 nm, starting at a minimum slant angle of 6° (as
reported in the literature [16]), the influence of the slant
FP on both the electric field and heat generation decreases
as the slant angle increases. This behavior is likely due
to the increasing thickness of the passivation layer beneath
the FP, as indicated by the yellow triangle in Fig. 5(b),
which reduces the modulation effect on the channel potential.
At larger slant angles, such as 30°, the effectiveness of the
slant FP in regulating the self-heating effect is considerably
reduced, resulting in minimal reduction in heat generation.
While smaller slant angles could improve thermal performance
by enhancing the modulation of the electric field, they also
require a thinner passivation layer, which may raise the risk
of voltage breakdown and current leakage. However, moderate
slant angles, such as 15°, can provide a good balance between
thermal performance and electrical stability, highlighting the
importance of optimizing the geometric parameters of the slant
FP for practical applications.

C. Influence on Phonon Ballistic Effect

As the device size shrinks to the nanometer scale,
phonon ballistic transport increases near-junction thermal
resistance [29], [31]. The slant FP’s modulation of the heat
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Fig. 5. (a) Heat generation and (b) electric field distribution for different
slant angle within the channel 1 nm below the AlGaN/GaN interface
(Vgs=-1V, Vps =8V).
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source size is expected to alleviate the thermal bottleneck
caused by size effects. To investigate this, phonon transport
under the influence of the slant FP is analyzed using MC
simulations. Fig. 6 presents a comparison of the simulated
temperature distributions with the predictions from Fourier’s
heat conduction law, where the blue line and red dashed
line represent the cross-sectional temperature distribution from
Fig. 3(a). Due to the MFP of GaN being larger than the heat
source size, phonon ballistic transport significantly increases
the hot spot temperature, from 362 to 421 K for the con-
ventional HEMT. In contrast, the maximum temperature for
devices with the 1200 nm slant FP reaches only 383 K. Outside
the main heat generation region, the temperature distribution
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obtained by MC aligns closely with that from the electro-
thermal simulation, further illustrating that the ballistic effect
of the heat source is a major contributor to near-junction
thermal resistance. The MC simulation results show that the
slant FP reduces the hot spot temperature rise by more than
33%, demonstrating double the optimization predicted by
Fourier’s law. This finding further highlights the potential
application of slant FP in enhancing the thermal behavior of
HEMTs.

IV. CONCLUSION

In summary, this study investigates the impact of the
asymmetric slant FP on self-heating effects in HEMT devices
through electro-thermal simulations. The findings demonstrate
that implementing the slant FP can effectively smooth the
potential distribution within the channel, leading to a signifi-
cant reduction in the maximum electric field and modulating
self-heating effects. Specifically, by using smaller slant angles
and extending FP length, the maximum heat flux can be
diminished by up to 50%, while the hotspot temperature rise
can be reduced by over 16%. The FP geometry primarily
influences passivation layer thickness, which in turn modulates
its effect on the channel. However, reducing passivation layer
thickness increases breakdown risk, necessitating a careful
balance between electrical and thermal performance in design.
Furthermore, the slant FP can modify the characteristic size of
the heat source, with MC simulations indicating a 33% reduc-
tion in hotspot temperature, reflecting a significant decrease in
near-junction thermal resistance. In conclusion, the asymmet-
ric slant FP design offers a promising strategy for improving
thermal management and reliability in GaN HEMT devices.
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