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Effect of varying layouts on the gate temperature for multi-finger
AlGaN/GaN HEMTs�
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Abstract: The impacts of varying layout geometries on the channel temperature of multi-finger AlGaN/GaN
HEMTs are investigated by three-dimensional (3-D) thermal simulations. Micro-Raman thermography is selected
to obtain a detailed and accurate temperature distribution of the sample for the verification of the 3-D thermal
models. Thermal boundary resistance (TBR) plays an important role in the temperature distribution and is taken
into account in the thermal model in order to improve the accuracy of the simulated results. The influence from
the number of fingers, finger width and gate pitch on the gate temperature are systematically analysed using 3-D
thermal simulations with validated model parameters. Furthermore, a robust method that could efficiently reduce
the thermal crosstalk of multi-finger AlGaN/GaN HEMTs is proposed to optimize the thermal design of the device.
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1. Introduction

In the last decade, AlGaN/GaN high electron mobility
transistors (HEMTs) have been extensively investigated due to
their significant advantages in high-power, high-frequency and
high-temperature applicationsŒ1�. However, the channel tem-
perature of the device substantially increases to a high level
while operating under high power dissipation conditions, com-
monly known as the self-heating effect, which causes a reduc-
tion in device performance and affects the long-term reliabil-
ityŒ2�. Compared to single finger AlGaN/GaNHEMTs, devices
of multi-finger layout could achieve an exceptionally high out-
put power, but compact designs also aggravate the thermal
crosstalk between individual gate fingers and result in a more
severe self-heating effectŒ3�. Therefore, analysis of the influ-
ence of varying geometrical layouts in the self-heating phe-
nomenon becomes crucially important for the thermal man-
agement of the AlGaN/GaN HEMTs. In addition, the thermal
boundary resistances (TBR) between the GaN and substrate
layer account for a large portion of the channel temperature,
which may cause about a 100 K rise in the vertical temperature
distribution of the deviceŒ4�6�. Consequently, the TBR effect
should be carefully considered in the thermal design of the Al-
GaN/GaN HEMTs.

Computer aided numerical simulations offer a convenient
and economical way to estimate the temperature distribution
across various structures of AlGaN/GaN HEMTs. However,
in simulation, the computed results probably deviate from the
practical realities due to the simplifications and assumptions
during the computations. Moreover, thermal parameters of the

AlGaN/GaN HEMTs vary significantly in the reported liter-
atureŒ7�, which causes serious trouble in the thermal model-
ing work. Consequently, experimental results are desperately
needed to improve the thermal model of the device and vali-
date the accuracy of the simulated results. Several techniques
are available to detect the channel temperature of semiconduc-
tor devicesŒ8�. Among all the proposed temperature measure-
ment techniques, the micro-Raman thermography method has
been proven to be a powerful tool to retrieve the temperature
distribution of AlGaN/GaN HEMTs with the advantage of a
high spatial resolution, since the heat spot of the device occurs
only in a submicron region adjacent to the drain edge of the
gate contactŒ9�.

In this work, results of 3-D thermal simulations of the Al-
GaN/GaNHEMTswith different layouts are compared and dis-
cussed. Micro-Raman spectroscopy is utilized to determine the
temperature distribution of the sample and its results are used
to improve and validate thermal models. Both the TBR at the
GaN/substrate interface and the uncertainties of the materials
in the thermal parameter are carefully considered for the ther-
mal simulation. Furthermore, a theoretical method that is based
on the proposed modeling technique has been developed to de-
crease the channel temperature of the multi-finger AlGaN/GaN
HEMTs.

2. Samples and measurements

The AlGaN/GaNHEMTswith a Ti/Al/Ni/Au drain, source
Ohmic contacts and a Ni/Au Schottky gate contact, were fab-
ricated from the epi-structure consisting of 23 nm undoped
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Fig. 1. The measured temperature of the multi-finger AlGaN/GaN
HEMTs together with the simulation results.

AlGaN (� 26% Al) on a 2 �m intrinsic GaN wafer grown
on 400-�m-thick insulating 4H-SiC substrate by low-pressure
metal-organic-chemical-vapor deposition (MOCVD) was pre-
pared for measurement. Moreover, the device was passivated
by a SiNx layer of 120 nm. The tested sample composed of 10
fingers of 100 �m gate width, 30 �m gate pitch spacing and a
gate length of 200 nm, along with a source–drain gap of 4 �m
and a gate-source gap of 1 �m.

Micro-Raman thermography, utilizing the changes in
phonon frequency which depends on lattice temperature, was
put forward on the aforementioned device to measure the tem-
perature distribution of the AlGaN/GaN HEMTs. Raman spec-
tra were recorded in a backscattering configuration using a
confocal micro-Raman spectrometer (HR800) with a spectral
resolution of < 0.5 cm�1 in the frequency shift range from 450
to 850 cm�1. The 532 nm line of a diode-pumped solid state
laser was used as the excitation source with a beam power of
0.1 mW incident on the sample. The spatial resolution of this
measurement is about 1�m, which is comparable to the size of
the hot region of the AlGaN/GaNHEMTs. If the measured data
is treated with a Lorentz fitting, a Raman shift resolution better
than 0.1 cm�1 is achieved. The temperature resolution of this
measurement is about ˙10 K. The device at a drain–source
voltage of 0 V was used as a reference to calibrate the rela-
tionship between Raman shifts and GaN lattice temperature.
E2 phonon mode is selected to calculate the temperature of
the tested device, for the spectral intensity of the E2 peak is
about 10 times higher than A1(LO), which could greatly in-
crease the signal-to-noise ratio of the measurement. The peak
channel temperature of the tested device was acquired versus
the increasing power consumption. In addition, the variation of
the gate temperature with the finger index is measured under
the same power conditions. The results, measured by Raman
thermography, are displayed in Fig. 1.

3. Modeling and verification

In the following work, Atlas was chosen as the simulation
tool, as it provides general capabilities for physically-based

Fig. 2. (a) Schematic diagram of the vertical structure of a realistic
device (left) and thermal model (right). (b) Schematic diagram of a
typical layout of multi-finger AlGaN/GaN HEMTs. Where Lgg is the
gate-to-gate pitch, Lgs is the gate-to-source spacing and Lgd is the
gate-to-drain spacing.

two and three-dimensional simulations of semiconductor de-
vicesŒ10�. The exact location of the heat source in the 3-D ther-
mal model is determined by the results of the electro-thermal
coupled simulations, which were performed on the correspond-
ing 2-D models. The simulated results manifest that the power
of the device during operation is mostly dissipated near the in-
terface between AlGaN and GaN layers and close to the gate
edge toward the drain contact with dimensions of about 0.1 �

0.25 �m. Moreover, the effect of TBR on the heat diffusion of
AlGaN/GaN HEMTs is carefully considered in the modeling
process. The value of TBR was extracted from the temperature
discontinuity at the interface between GaN and substrate us-
ing the micro-Raman spectroscopy method, which is proposed
by Sarua et al. The calculated TBR of the material system is
about 5.8 � 10�8 m2K/W, which is less accurate because of
the low vertical spatial resolution of the measurement instru-
ment. However, the error of TBR would be compensated in the
following modeling step. A 2-�m-thick virtual layer is defined
between the GaN and the SiC layers in the thermal model with
user-defined thermal conductivity which is calculated from the
value of TBR by the method reported by Kuzmik et al:Œ11�.
The vertical structure of the thermal model and the test device
are shown in Fig. 2(a). Furthermore, Figure 2(b) presents the
simplified surface geometries of the multi-finger AlGaN/GaN
HEMTs. Actually, the heat dissipates non-uniformly along the
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Fig. 3. Temperature distribution of the 10-finger AlGaN/GaN HEMTs
(only one half of the device is presented due to the symmetry) cal-
culated from the thermal models with (right) and without (left) TBR
taken into consideration.

width of the gate as a result of the temperature variation along
the fingers, which may lead to over estimation of the peak tem-
peratureŒ12�. However, with the trends accurately captured, the
assumption that the dissipated heat generates a constant heat
flux along the width direction is made for simplification.More-
over, the bottom of the substrate in the thermal model is set on
the copper heat sink at a constant temperature (295 K), and all
the other surfaces are adiabatic.

However, a thermal simulation of AlGaN/GaNHEMTs is a
sufficiently challenging task since both of the thermal conduc-
tivities and their temperature dependences vary significantly in
the reported literature. The heat generated during the operation
mainly flows through the GaN and SiC layers to the heatsink.
Thus, the thermal conductivities of GaN and SiC are key para-
meters of the thermal model. However, the influence of the
GaN layer on channel temperature is less significant since the
GaN layer, compared to SiC’s, is really thin. Consequently, the
uncertainty of GaN’s thermal conductivity slightly affects the
accuracy of the simulation results. Therefore, the thermal con-
ductivity of SiC plays a decisive role in the thermal behavior
of the model. The temperature gradient in the SiC is generally
directed from the GaN layer to the heatsink, which means the
adjustment of the thermal conductivity hardly affects the de-
tails of the temperature distribution in the active region, which
is very important for the thermal optimization of the device.
The final value of the SiC’s thermal conductivity is determined
as a fitting parameter by comparing the simulated results to the
measured data. The temperature-dependent thermal conductiv-
ities used in the simulations are shown as Eqs. (1)Œ7� and (2),
respectively.

�GaN D 1:0 � .T=300/�0:5 W=.cm � K/; (1)

�SiC D 2:9 � .T=300/�1:35 W=.cm � K/: (2)

The thermal map calculated from the numerical models
considering and not considering TBR is demonstrated in Fig. 3,
which shows an obvious difference in the temperature distri-
bution. The thermal model that has not considered TBR agrees
with the measured data at peak temperatures, but fails to catch
the temperature change with the variation of the position of the

Fig. 4. Peak temperature rise in the central finger of AlGaN/GaN
multi-finger HEMTs, with 30-�m-pitch, as a function of gate width.

device. However, the temperature change with gate width (not
shown in Fig. 1) and finger index could determine the method
for optimizing the device structure. Thus, it’s necessary to con-
sider the TBR effect in the thermal model for accurately de-
termining the temperature distribution. Indeed, owing to the
idealization of the thermal boundary conditions and the com-
plexity of the device operating mechanisms, there may be sub-
tle differences between the simulated and experimental chan-
nel temperature in reality, but since the simulated results agree
well with the micro-Raman measurements, the material para-
meters used could be considered accurate and trustworthy to
mold other layout geometries.

4. Simulation and discussion

In multi-finger HEMTs, the thermal interaction between
each individual gate causes an additional temperature rise dur-
ing operation. Themaximum temperature, occurring in the cen-
ter of the device, is treated as the flag temperature to estimate
the thermal crosstalk of various structures and geometries. Fig-
ure 4 shows a major change in the maximum channel temper-
ature with gate width moving from a 50-�m-width to a 200-
�m-width of different finger numbers. There are negligible
gate temperature rises with both varied gate width and differ-
ent gate numbers at low power density. However, owing to
an exponential decrease of thermal conductivity and increas-
ingly severe thermal crosstalk, the peak temperature increases
very quickly as the power density gets larger. The peak tem-
perature of 200-�m-gate-width devices increased by 18 K (4
W/mm) when the number of gates varied from 10 to 40. Fur-
thermore, the maximum temperature of the device consisting
of 40-fingers significantly rises from 407 K to 491 K when the
gate width is changed from 50 �m to 200 �m. This compari-
son demonstrates that the thermal crosstalk is rather sensitive
to the finger width.

The influence of gate pitch of multi-finger HEMTs on ther-
mal crosstalk is shown in Fig. 5. As expected, the peak tem-
peratures of the multi-finger AlGaN/GaN HEMTs steadily de-
crease as the gate-to-gate spacing increases from 20 to 50 �m
regardless of the gate width. According to the simulated re-
sults, an accelerating temperature rise is found under narrowing
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Fig. 5. Peak temperature rise in the central finger of AlGaN/GaN
multi-finger HEMTs, consisting of 10 fingers, as a function of gate
pitch spacing.

gate pitch conditions, especially in large gate width devices.
The rise of lattice temperature can form a positive feedback
with the decrease of the thermal conductivities, which could
cause a particularly severe thermal interaction while the gate
fingers are moved very close to each other. The simulated re-
sults shown in Fig. 5 demonstrate that the peak temperature of
more densely packed layouts with 20-�m gate-to-gate spacing
is 48 K higher (4 W/mm) than that with 30�m gate pitch spac-
ing. Finally, it is found that a device layout with enough narrow
gate widths could effectively reduce the thermal coupling be-
tween the adjacent fingers.

In fact, the gate position of multi-finger HEMTs is always
close to the source contact in order to achieve a better elec-
trical performance. Therefore, a deflected gate would cause
a slight modulation of the spacing between the neighborhood
heat sources, which means the assumption of uniform pitch in
the thermal simulation would bring some errors to the results.
The realistic gate pitch spacing of the deflected gate design
could be calculated asLggC.Lgd�Lgs/ and Lgg�.Lgd�Lgs/

respectively, and Lgd � Lgs is commonly less than 3 �m be-
cause of the electrical design rules.Lgd is the gate to drain spac-
ing andLgs is the gate to source spacing. Simulated results (not
shown) reveal that the deflected gate design does not affect the
average channel temperature. Moreover, the maximum devi-
ation of the gate temperature is less than 3 K in response to
Lgd�Lgs increasing from 0 to 3�m. Consequently, the impact
of the deflected gate on the temperature distribution is negligi-
ble during the thermal investigation.

Gate temperature resulting from a 3-D thermal simulation
of 20-finger AlGaN/GaN HEMTs with uniform gate spacing is
shown in Fig. 6 (only one half of the device is presented due
to symmetry). Channel temperature of uniform pitch device is
relatively high in the center fingers and decreases towards the
two sides of the outer fingers. In addition, the simulated results
manifest that the decrease of channel temperature is merely
through several outer fingers, while the inner gate temperature
of the device appears fairly uniform for a wide range of gate
widths and numbers. This phenomenon is explained as the ther-
mal diffusion from the heat source takes effect in a limited dis-
tance, thus crosstalk between the two far enough gate fingers

Fig. 6. Gate temperature variation as a function of gate x-composition
in 20 fingers AlGaN/GaN HEMTs with 100-�m-width gate.

is neglectable. Moreover, especially for large devices, the heat
generated during the operation is primarily conducted into the
substrate perpendicular to the heatsink and results in uniform
gate temperature of the inner fingers.

Obviously, a uniform gate temperature would bring addi-
tional benefits for the cooling design and long-term reliabil-
ity. Thus, gate pitch spacing treated as a function of gate num-
ber index for optimizing the thermal behavior of multi-finger
HEMTs is shown in Fig. 2(b). In the following discussions,
only one half of the problem is considered due to the symme-
try of the thermal model. All of the gates are divided exactly
into two groups according to the profile of the channel tem-
perature and different optimization strategies are used for each
part. For the inner part, the gate temperature is almost equal to
each other. Consequently, the gate-to-gate spacing of the inner
part between neighborhood gates is simply given by

Lgg; inner D
.n1 � 0:5/ Lgg0 C Lop

n1 � 0:5
; (3)

whereLgg0 is the gate spacing of original uniform pitch device,
n1 is the gate number in the inner group and Lop is a variable
parameter for optimizing the gate-to-gate spacing.

The gate pitch spacing of outer parts between the gate i

and gate i C 1 is given byŒ13�

Lgg; outer; i D Lgg; inner C a
�
4i3

C 3i2
C i

�
; (4)

where i is the gate finger index and varies from 0 to n2 � 1. n2

is the gate number in the outer part. Note that the gate pitch of
the outer group is equal to Lgg; inner with the finger index at 0.
The reality width for optimization of outer gate spacing can be
calculated as

Wouter D n2Lgg0 � 0:5Lgg; inner � Lop: (5)

The optimized results of 20-finger AlGaN/GaN HEMTs
are given in Fig. 6 as an example, which shows that broad uni-
formity of the gate temperature is achieved in the optimized
structure. The optimum value for the parameter n1, n2, Lop
and a are 6, 4, 11 and �0:23. Comparison between the opti-
mized and original design indicates that the peak temperature
of the device substantially drops from 433 to 427 K at a power
density of 4 W/mm. Furthermore, as a means of creating more
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uniform temperature distributions from finger to finger, the op-
timization method is reasonably robust with respect to changes
in the operating power densities. Finally, further simulations
reveal that the optimization method is also effective regardless
of layout variations in finger number and gate width as long as
the parameters are properly selected.

5. Conclusions

In summary, 3-D thermal simulations using a novel mod-
eling method are performed to investigate the influence of var-
ious layout designs on the gate temperature of multi-finger Al-
GaN/GaN HEMTs. Micro-Raman measurements are utilized
to eliminate the uncertainties of thermal parameters and val-
idate the accuracy of the thermal model. Moreover, TBR at
the GaN/SiC interface is carefully considered in the simulation
for investigating the thermal interaction of the multi-finger de-
vice. Furthermore, the impacts of numbers of gate, gate width
and gate spacing on the channel temperature of the multi-finger
device are methodically analyzed and the simulation results in-
dicate that both the gate width and pitch spacing are critical
factors in the thermal design. Finally, an efficient optimization
method for layout design that roughly decreases the peak chan-
nel temperature by 6 K in the example is suggested.
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