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ABSTRACT

Field plated GaN high electron mobility transistors
(HEMTs) are widely preferred amongst other GaN HEMT
devices because of their ability to regulate electric field at high
power densities. When operated at high power densities, GaN
HEMTs suffer significantly from the concentrated heating
effects in a small region called hotspot located closer to the
drain edge of the gate. Although; the stabilizing effect of field
plate on the electrical field distribution in HEMTSs is known by
researchers, its effect on temperature distribution and the
hotspot temperature is still not studied to a greater extend. For
this purpose, finite element thermal modelling of devices with
different sizes of field plates are performed using the joule
heating distribution data obtained from 2D electrical
simulations. Results obtained from such combined model show
that the existence of a field plate changes the electrical field,
therefore the heat generation distribution within device.
Moreover; increasing the size of the field plate has an effect on
the maximum temperature at the hotspot region. The results
are used to analyze these effects and improve usage of field
plates for high electron mobility transistors to obtain better
temperature profiles.

INTRODUCTION

The usage of AIGaN/GaN high electron mobility transistors
(HEMTSs) has surpassed other transistors due to their high
radio frequency (RF) power densities [1, 2]. Due to opposite
electrical charges of AlGaN and GaN layers in the device,
electrons accumulate between these two layers creating a
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charge density [6]. By applying a voltage difference between
drain and source; electron flow is generated at the material
interface (electron accumulated region), which is called two-
dimensional electron gas (2DEG) region. To manage the
electron flow through the 2DEG, gate voltage can be adjusted
independently from the source voltage.

The working principle of GaN HEMTSs, facilitated by the
2DEG formation and regulated by the gate voltage is both an
advantage and a disadvantage for these devices [3-5] since
gate voltage creates a resistance to the 2DEG electrons at drain
side of the gate. This resistance causes sudden changes of the
electrical field, thus high and localized Joule heating in the
same region. This localized region is called the “hotspot” and
can be treated as a nanoscale heat generation region [7]. This
hotspot formation is considered as one of the reasons for
device failure for GaN HEMTs [14]. Thus it is crucial to
analyze and find factors that affect hotspot formation to
improve GaN HEMT device performance and reliability.

On the other hand, the field plated GaN HEMTSs are under
intensive research to regulate sharp electric field variations in
devices [8]. However; the effects of field plates on the hotspot
region and device temperature are not studied enough to
improve the system dynamics. The regulation effect of field
plates on electric field may also scatter the localized heating
from the hotspot since heat generation distribution is affected
from the electric fields in the device.
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Figure 1. The schematic of GaN HEMT structure used in electrical (a) and thermal (b) simulations.

Past research on performance analysis of HEMTs are
mainly categorized in two as: thermal performance and
electrical performance studies. Except a few studies, many
times thermal and electrical studies are decoupled from each
other or not accurate and detailed enough [15, 16]. However,
to find the true effects of field plate on the thermal
performance of GaN HEMTS, a hybrid electrical and thermal
analysis is necessary. The electrical outcomes of field-plated
devices may affect the heat distribution and temperatures
within the device, which can directly alter the device
performance.

Sodan recently modeled the effects of source field plates
on temperature for a single finger gate field plated GaN
HEMTs on Silicon substrate [15]. However the main
regulation effect of gate field plate is not studied to observe
the heat generation scattering effect around hotspot region. In
other words a systematic study between field plated and non-
field plated devices was not performed in this study. Moreover
the data was not used in independent thermal simulations to
better evaluate the temperature distribution in devices where
multiple fingers are present or with more complex geometries.

To answer some of these questions, in this study; first,
electrical simulations for the same device with and without a
field plate, are conducted to obtain the electrical performance
of the devices. Then, based on the electrical performance,
operating condition that give the same power output is selected
for comparison purposes. Later, electrical simulations are

repeated at these operating conditions for the field plated and
non-field plated devices to extract heating distributions. The
effect of simulating single finger for electrical simulation
instead of multiple fingers is negligible since while performing
simulations it is observed that there is no superposition effect
of each finger on one another contrary to the thermal
simulations.

Using this data, thermal simulations are executed to see the
thermal effects of field plates on devices. Thus, with these set
of simulations, authors aim to observe the true thermal effects
of field plates on maximum temperatures and temperature
distribution of GaN HEMTs.

METHOD
Device Structure:

The general structure of a GaN HEMT device is illustrated
in Fig. 1 to clarify the device geometry. Figure 1(a) depicts the
simpler model used in electrical simulations whereas Fig.1(b)
illustrates the simplified thermal model used in this study. In
both non-field plated and field plated devices, layers of;
tpass=300nm AIN as passivation layer, taican=20 nm AlGaN,
tean=2 um GaN, tan=200 nm AIN and tsic=125 pum SiC as
substrate layer are used. Source, drain and gate metal contacts
are defined as gold and their dimensions are defined as;
Lo=Ls=34 pm source and drain lengths, Lz=600nm gate
length, Les=1 um gap between source and gate, Lgp= 3.4 um
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gap between gate and drain, 150 pum gate width, 350 um
device length and width in a 6 finger device geometry. Ve is
the applied voltage between source and gate. The voltage
applied between source and drain is defined as Vos.
Simulations are conducted with 2D geometry assumption and
symmetricity is used to ease the meshing and running
processes. Number of triangular meshes used in this model is
over 250 thousand to obtain precise results.

Electrical Simulations:

Detailed electrical simulations are necessary to obtain
electric field and Joule heating distribution of GaN HEMT
devices. In this study electrical simulations of a simple HEMT
device shown in Fig. 1(a) are performed using Sentaurus
TCAD: a computer simulation program used to develop and
optimize electrical simulations for semiconductor processing
technologies and devices.

For electrical simulations, exact device dimensions
are used apart from source and drain lengths. Since electrons
flow at 2DEG region, all the electrical field and heat
generation occur in this region [9] and source and drain
lengths do not have a significant effect on the simulation
results, therefore these are taken as Ls=Ls=0.5 pm. Bottom
temperature for device is set to T,=300K and Ohmic
resistances of Rs=1 Q and Rp=10° Q are defined to source and
drain respectively. Gate is defined as a Schottky barrier with a
barrier height of 1.48eV in electrical simulations.

Both hydrodynamic and thermodynamic models are
included in system physics and charge concentration of
C=1.56x10%% C/um is defined at AlGaN/GaN material interface
[10]. Traps and doping concentrations for each material are
introduced to the system as well. To simulate the behavior of
devices with field plates a field plate of Lrp=1200nm is added
to the top-drain side of the gate as shown in the Fig. 1(a). All
gate, drain and source are given Vi,=0 V as initial condition.
To run the simulations, gate voltage is ramped to Vs=-1 V and
then drain voltage is increased to Vps=10 V. The | V curve
obtained for the field plated and non-field plated devices are
shown in Fig. 2.
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Figure 2. Total current vs. Vps graph for non-field plated and
field plated GaN HEMTs

The heating distribution obtained from the electrical
simulations is used to calculate the net absolute heat flux data
for both non-field plated and field plated devices under
defined operating conditions. This data is later used as a
boundary heat generation at thermal simulations.

Thermal Simulations:

Thermal simulations are conducted for the structure given
in Fig. 1(b) using COMSOL Multiphysics, which is a finite
analysis simulation program. As shown in Fig. 1(b) system
geometry is generated in 2D as 3 fingers with insulation
boundary condition at the cut line to simulate the 6-finger
device. Actual device dimensions are used to create the
thermal model for simulation.

Material properties are taken from COMSOL Library and
thermal conductivities are defined manually as; for gold
contacts kau=3.18 W/cm*K, Kaican,can=(T/300)0° W/cm*K
for GaN and AlGaN layers, Kksic=3.95*(T/293)*% for SiC
substrate [11]. Thermal conductivities of GaN, AlGaN and SiC
are defined as temperature dependent to obtain more precise
results. AIN thermal conductivity is used as the predefined
value of COMSOL for this material and thermal boundary
resistance (TBR) between GaN and SiC is taken as 3.3x10°
m?*K/W [12]. Thermal boundary conditions for this device are
defined as natural convection over the top and left boundaries
of the device at Tin=25 °C, P=1 atm, insulation condition at
the right boundary due to symmetricity and temperature
boundary condition at the bottom surface as T,=300K. Heat
generation data obtained from electrical simulation is imported
as 1D heat flux data and defined at the 2DEG region as
boundary heat source for each finger.
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RESULTS AND DISCUSSION

To observe the thermal effects of field plates on devices
operating condition of Vg=-1 V and Vps=10 V is used.
Although at high power densities, adding field plate to device
decreases the current, thus; decreases power density and heat
generation [13] at the given operating conditions both the field
plated and non-field plate devices performed similarly
resulting with power outputs of 2.53W/mm and 2.51W/mm,
respectively. By using almost identical power densities it is
possible to analyze the field plate’s effects on the distribution
of Joule heating in devices.

The effect of field plate on electrical field distribution
around the hotspot can be seen from Fig. 3. As it was expected
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[8], field plate regulates the electrical field within the 2DEG
and decreases the intensity of electrical field both in the 2DEG
region and the hotspot region. Similar to the electrical field,
heat flux data can be obtained from electrical simulations.
Heat flux data obtained from simulations is presented in Fig. 4
for non-field plated and field plated GaN HEMTs. The effect
of field plates on heat flux is evident in Fig.4, since heat flux is
more spread within the device in field-plated devices
compared to non-field plated devices. In other words, due to
the same power density, both devices generate the same
amount of heat but non-field plated device dissipates this heat
from a more localized region, compared to field plated GaN
HEMT.
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Figure 3. Electric field distribution for non-field plated (a) and field plated (b) GaN HEMTs
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Figure 4. Heat flux distribution for non-field plated (a) and
field plated (b) GaN HEMTs

By summing the absolute heat flux data 0.5 nm above and
below the 2DEG region; one can obtain the net heat generated
inside the 2DEG region and use this as a 1D heat generation
distribution with negligible data loss. This 1D data can be used
in thermal simulations of devices to represent heat generation
distribution of devices. The heat generation distributions
shown in Fig. 5 show that although the total heat generation
for devices is equal, distribution of this generation has
different characteristics. Non-field plated device has most of
this generation localized in 1.5 um region, on the other hand
field plated GaN HEMT device has a more scattered
generation data as shown in Fig. 5. Localized heat generation
in the non-field plated device increases the hotspot
temperature since dissipation of the heat generated in that
micro/nanoscale region by conduction becomes difficult. This
high temperature in the AlGaN/GaN interface may lead to
burnout in GaN HEMT devices.
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Figure 5. Heat generation distribution from 2DEG region for
non-field plated and field plated GaN HEMTs

To observe the effect of field plate on hotspot temperature
and temperature distribution in the device, AlGaN/GaN
material interface is investigated and temperature distribution
graph for a six-finger device is obtained. Due to symmetricity
condition, plots for 3 fingers are given in Fig. 6 for non-field
plated and field plated GaN HEMTSs respectively.
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Figure 6. Temperature distribution at AIGaN/GaN interface for
non-field plated and field plated GaN HEMTs

A temperature peak for each finger can be seen in the Fig.
6. The top of each peak corresponds to the hotspot regions.
The highest temperatures are observed at innermost fingers
since heat dissipation from these regions are harder compared
to others. Maximum temperature at the hotspot region for non-
field plated device is observed as 364.2°C, on the other hand,
the maximum temperature for field plated device is 358.3°C.
This difference of 6°C is significant, especially in a device
with a relatively low power density of 2.51W/mm. Also peaks
are less steep for field-plated device compared to field plated,
meaning that field plate also has a scattering effect on
temperature distribution. With increasing power densities, this
effect may increase but as discussed earlier, adding field plate
to devices with high power density has a negative effect on
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power density itself, creating an argumentative situation due to
the decreased heat generation.

CONCLUSION

This study analyses the effects of field plates for GaN
HEMT devices on power density output, electrical field, heat
flux, heat generation and temperature distributions and
maximum temperature at the device for operating conditions at
-1V gate voltage and 10V drain voltage. Simulation techniques
and outcomes have been taken into account and
interconnections between electrical and thermal properties
have been discussed. The overall effects of field plates can be
put in order as:

o Field plate regulates the electric field distribution
in the device and scatters it from a localized
region to a larger area.

e This regulation effect on electrical field also
affects heat generation distribution at the 2DEG
region.

e The device without field plate generates high
amounts of heat at a local 1 pm region, on the
other hand, field plated device generates same
amount of heat in a scattered trend.

e Localized heat generation results in smaller
hotspot region with higher maximum temperature
for non-field plated GaN HEMT device.

NOMENCLATURE
C charge concentration
Lo drain length
Lep field plate length
Lep distance between gate and drain
Lo gate length
Les distance between source and gate
Ls source length
Vps voltage between source and drain
Ve gate voltage
Vini initial voltage
Rs source resistance
Rp drain resistance
Th base temperature
Tint room temperature
Kaicanican ~ AlGaN and GaN thermal conductivity
Kau Au thermal conductivity
Ksic SiC thermal conductivity
taican AlGaN thickness
tain AIN thickness
tan GaN thickness
tpass passivation thickness
tsic SiC thickness
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