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Abstract— In this paper we present results of the
electrothermal analysis of multifinger power high-electron
mobility transistors (HEMTs). The analysis is supported by
effective 3-D electrothermal device simulation method developed
for Synopsys TCAD Sentaurus environment using mixed-mode
setup. The effects of multifinger HEMT structure metallization
layout design are studied and described. Simulation results depict
significant effect of metallization geometry on electrothermal
properties and behavior of the power multifinger HEMTs. Very
good comparison between simulation results and experimental
data demonstrate validity of the proposed simulation
methodology and HEMT structures analysis.
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I. INTRODUCTION

GaN-based high-electron-mobility transistors (HEMTs)
have proven their worth as next-generation high-power
devices due to their wide bandgap properties. Compared to
conventional semiconductor devices, GaN-based HEMTs have
advantages for high-frequency, high-current, high-voltage, and
high-power operations. In addition, their high-temperature
operation is very attractive for electric vehicle applications
[1]-[2]. However, non-uniform self-heating and thermal
dissipation inside the power HEMTs with compact multifinger
layout is one of the critical issues due to their capability to
locally reach high power density and temperature which
reduces overall device performance and reliability. Therefore,
electrothermal management is crucially important to the
viability of power HEMTs. Analysis and optimization using
finite element modeling (FEM) electrothermal simulations are
very time consuming and require high-performance hardware
particularly for complex 3-D structures. Lot of existing works
propose effective approaches to improve simulation time and
accuracy applied in many applications demonstrates the very
active research in recent electrothermal modeling [3]-[5].

In this paper, the electrothermal analysis of power
multifinger HEMTs supported by advanced 3-D device
simulation is presented. Analysis and optimization strategy of
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the metallization layer geometry design are performed and
discussed. We used advanced efficient 3-D electrothermal
device simulation methodology based on coupling FEM
thermal and electrical circuit simulation in Synopsys TCAD
Sentaurus mixed-mode setup [6], [7]. The advantage of the
proposed method is in the high speed of the electrothermal
simulation with respect to take into account the current non-
uniformity caused by parasitic electrical resistance of the
multifinger metallization to electrothermal behavior of the
device. The method can be also applied to a complex power
HEMTs as well as systems such as monolithic integrated
converters and/or logic cells with power amplifier [8], [9].
Finally, the analysis and simulation results are validated
experimentally.

II. SIMULATION METHOD

A. Structure description

The structure under investigation is the enhancement-mode
AlGaN/GaN HEMT structure with ap-GaN gate. The
heterostructure is grown on a silicon substrate. The epitaxial
layer consists of a 200 nm AIN nucleation layer, a 1 um
AlGaN backbarrier, a 2 um AlGaN buffer layer, a 300 nm
GaN channel layer, a 15 nm Alg»5Gag 7sN barrier, and a 70 nm
p-GaN layer. A TiN gate metal is used to form a Schottky
contact on the p-GaN layer. A Ti/Al based metal stack is
deposited as ohmic drain/source contacts and power
metallization layers with total thickness 3.5 um. The gate
length, gate to drain distance, and gate to source distance are
0.8 um, 6 wm, and 0.75 um, respectively [10]. The multifinger
metallization uses one collection pad for drain and source bars
on the opposite sides. The 3-D thermal model includes whole
power HEMT structure packaged in SMD package suitable for
power GaN and placed on a printed circuit board (PCB)

(Fig. 1).

B. 3-D mixed-mode simulation method

Mixed-mode setup in Sentaurus Device was used for
electrothermal simulations of the proposed HEMT model. The
approach interconnects HEMT circuit temperature dependent
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Fig. 1. Schematic diagram of mixed-mode approach for electrothermal
simulation of power multifinger HEMT. Thermal nodes provide temperature
exchange and heat flux between 3-D FEM thermal model and HEMT
equivalent electrical circuit model. Current flow is solved in 3-D FEM
metallization electrical model.

model with 3-D thermal model and 3-D electrical model of the
metallization by thermal nodes and electrical nodes,
respectively (Fig. 1) [11].
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Fig. 2. (a) Comparison of measured and simulated /-V characteristics of the

HEMT. (b) Temperature distribution inside the HEMT structure at different
bias conditions.

Heat generation and heat transfer are calculated in the 3-D
thermal FEM model. The temperatures on the thermal nodes
are taken to drive the temperature dependent electrical
parameters of the HEMT circuit model. The circuit model
consists of main HEMT transistor and drain/source access
resistances Rs and Rp. The HEMT circuit model coefficients
are calibrated according the /-J measurement and 2-D FEM
electrothermal simulation (Fig. 2a). The dissipated power on
the model components is transferred to the 3-D thermal model
via thermal nodes. The distribution of the power sources better
corresponds to the temperature profile along 2DEG at
different bias conditions [12], [13]. Fig.2b compares the
temperature distribution inside the HEMT structure for 2-D
FEM electrothermal simulation and proposed approach.

3-D model of the structure is uniformly split into several
segments along each gate what allows take into account
nonuniform distribution of the current density and the
temperature. The HEMT segments are electrically connected
to the 3-D FEM electrical model of the metallization where
the current density distribution and the voltage drop on
parasitic metallization resistance are solved.

The short time of simulation is assured by solving only the
heat equation in the 3-D FEM model of the package and
Poisson equation in the metallization layer, and fast solving of
the equivalent circuit electrical model. This methodology
allows fast and effective simulation of complex systems
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Fig. 3. Dependences of (a) on-state resistance Ron and (b) dissipated power
capability P/AT on metallization layer geometry.

including all semiconductor layers, metallization, package,
and up to cooling assemblies. Depending on amount of FEM
mesh elements simulation of one /-7 curve with self-heating
effects takes about 3 — 40 min for structure with 2 — 36 gate
fingers, respectively.

III. RESULTS OF ELECTROTHERMAL ANALYSIS

The analysis of the multifinger power HEMT is focused on
the influence of the metallization layer geometry on
electrothermal properties and overall transistor behavior. The
simulation variables are the number of the gate fingers ngf and
their width W for different fingers spacing Lgg.

Fig.3 shows geometry dependence of the on-state
resistance Ron and dissipated power capability P/AT
corresponding to a channel temperature increase of 150 K for
different finger spacing. The parasitic resistance of the
metallization is more dominant for higher Wg and lower ngf,
which increases Ron of the analyzed HEMT. The decrease of
Ron with W5 lowering is caused by decreasing of metallization
resistance. The lowest value of the Ron is given mainly by
properly selected electrophysical properties of HEMT
structure. The higher Ron at lower Lgg is caused by lower
width of drain/source metallization layer with higher
resistance.
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Fig. 4. Current density and temperature distribution for different geometries
of HEMT structure metallization layers ((a) ngf=4 and (b) ngf=18). (c)
Temperature distribution inside the HEMT structure with ngf=36.
(LGG =30 um)

The dependence of dissipated power capability P/AT on
the ngf'and corresponding Wg can be split into three regions I,
IT and III with different behavior. Due to additional voltage
drop on the relatively high metallization resistance, the current
density and power load are nonuniformly distributed in the
structure. The nonuniform power load reduces dissipated
power capability P/AT of the structure. As can be seen in
Fig. 4a, the most of current density flows through gate 1 and
gate 4 on the drain pad side, where maximal power load and
temperature occur. The P/AT increases in the region I (Fig. 3b)
due to the current flow uniformity improvement when
metallization resistance becomes negligible compared to
HEMT structure resistance. Current density is homogeneously
distributed in structures with shorter Wg (Fig. 4b) where the
metallization resistance is lower. However, the following P/AT



drop in the region Il (Fig. 3b) is caused by the dominant
thermal interaction of individual gate fingers [11]. As ngf
increases, the maximal temperature is higher and P/AT
decreases. At the interface of regions II and III the structure
geometry has approximately square shape with the worst case
heat sink condition. There is local minimum of the dissipated
power capability. The structures with shorter W and higher
ngf are more effectively cooled along its width (Fig. 4c).
Therefore, the P/AT increases in the region III. In all regions it
is valid that the increasing distance of the gate fingers Lgc
provides lower thermal coupling and higher P/AT.

The electrothermal simulation results and the analysis have
been validated experimentally for four manufactured samples.
Table I. compares simulated and measured Ron for HEMT
structures with different finger spacing (Lgg = 20 um, 30 pum,
and S0 um @ ngf=18 and Wi =1 mm) and structure with
Lgc =50 um, ngf'=36, and Wg =1 mm. Very good agreement
between simulation and measurement confirms validity of the
proposed electrothermal simulation methodology and
multifinger HEMT structures analysis.

TABLE L COMPARISON OF SIMULATED AND MEASURED Royn FOR
DIFFERENT HEMT STRUCTURES
Rox () Error
Structure ; : N
Measurement | Simulation (%)

Lo =20 um 0.510 Q 0.520 Q +1.94 %
Lo =30 um ”;G;:l | 049sQ 0496 Q | 0.44%
Lgg =50 um 0.487 Q 0.480 Q -1.45 %

_ Ws=1mm o
Lgg =50 um ngf'=36 0.252Q 0.250 Q -0.65 %

IV. CONCLUSION

The electrothermal analysis and optimization of the
multifinger power HEMTs has been presented. The analysis of
thermal and electrical behaviour was supported by proposed
effective 3-D electrothermal device simulation using mixed-
mode setup in Synopsys TCAD Sentaurus environment. The
proposed simulation approach allows effective analysis of the
power HEMTs as a complex system from semiconductor
layers, metallization up to package and cooling assemblies
operating under different bias conditions in a short time. The
influence of HEMT metallization layers geometry has been
studied and described. The analysis and simulation results
have been validated experimentally. Undesirable impact of the
high parasitic metallization resistance on the Roy and
dissipated power capability is dominant mainly for the
structures with high gate fingers width and low fingers
spacing. However, higher number of the gate fingers provides
higher thermal interaction of individual gate fingers and lower
dissipated power capability. The structure with very short gate
fingers and high number of the gate fingers is more effectively
cooled along its width. It provides highest dissipated power
capability for lowest Ron of the HEMT.
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