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Abstract—The GaN high electron mobility transistor (HEMT)
thermal characteristics were evaluated employing an integrated
approach based on the combined use of ab initio (first-principles)
and device simulations. The necessity of utilizing such a method
arises when model parameters required for device simulation are
unavailable or not suited to certain conditions. A fine example is
thermal conductivity of crystalline materials, which is strongly
dependent on the defect density, isotopic purity and temperature.
Since the developed temperature due to self-heating is highly
sensitive to the thermal conductivities of certain regions of the
device structure, it is of great importance to use correct thermal
conductivity models that are incorporated into the heat flow
equation. A combination of ab initio calculations and solutions of
the linearized phonon Boltzmann transport equation is a high-end
tool to estimate the thermal properties of crystalline materials. In
this paper, firstly, the values of the thermal conductivity and
thermal capacity of AIN, GaN, Alp21Gao.79N and AlysGaosN were
calculated in the range of temperature from 20 K to 1000 K.
Secondly, device simulation of a GaN HEMT was performed and
the thermal characteristics were evaluated.

I. INTRODUCTION

Since 1980, the high electron mobility transistor (HEMT)
technology has continued to achieve widespread use and drive
innovation in the field of information and communications. Able
to allow for low-noise performance at frequencies up to the
millimeter wave band, HEMTs are used in a wide variety of
applications, including satellite broadcasting receivers, mobile
phones, radar systems, navigation systems, voltage converters
and low-power amplifiers. Further, research and development
activities undertaken by corporations and governments directed
at improving and commercializing the novel technology are
becoming extremely active throughout the world. In addition to
standard GaAs-based HEMTs, the development of ultra-high-
frequency InP and low-power/high-frequency GaN devices is
advancing at a fast pace. Going forward, HEMTs are expected
to be featured in the fifth-generation millimeter wave mobile
network technology [1].

The HEMT, named alternatively as the modulation-doped or
heterostructure field-effect transistor, is a field-effect transistor
exploiting the high in-plane mobility of electrons in the channel
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formed along a semiconductor heterojunction. In recent years,
device engineers have greatly focused on the development of
AlGaN/GaN HEMT. The immense interest in the AlGaN/GaN
heterojunction stems from several factors. First, the wide band
gap of GaN yields a high breakdown voltage, which enables
high-power operation. Also, the saturation velocity of electrons
in GaN is over a factor of two larger than that in silicon, which
is valuable for high-frequency operation. Moreover, a very high
electron concentration is induced by polarization at the AlGaN/
GaN interface, providing a large current density. At the same
time, the AlIGaN/GaN HEMT is characterized by a temperature
rise and a non-uniform distribution of the dissipated heat power
that lead to the formation of a hot spot at the active area of the
device and result in the degradation of the drain current and the
output power [2]. In order to mitigate the self-heating effect, a
variety of thermal management solutions have been proposed:
atomic bonding of the AlGaN/GaN epitaxial structure to a
chemical vapor deposition nanocrystalline diamond layer after
the silicon substrate is etched away [3]; direct growth of the
AlGaN/GaN structure on a diamond substrate by metalorganic
vapor-phase epitaxy [4]; backside filling of the through trench,
etched locally in the silicon substrate, by an AIN and copper
combination [5]; integration of heat spreading elements formed
by a material with a high thermal conductivity, for example,
diamond [6] and graphene [7], into the transistor structure.

Controlling the temperature is critical to the efficiency and
reliability of many electronic devices and circuitry. Thermal
simulation, widely recognized as a crucial aspect of computer-
aided design, can assist in thermal management by enabling
engineers to identify the root cause of thermal problems and
evaluate a wide range of alternative variants to optimize the
design. Thermal conductivity is one of the input parameters of
the heat flow equation [8] and, in case of crystalline materials,
is strongly dependent on the defect density, isotopic purity and
temperature [9]. This is critical to take into account during
simulation, as the developed temperature due to self-heating is
very sensitive to the thermal conductivities of certain areas of
the device structure. Otherwise, a significant error will occur.
Thus, it is important to use appropriate thermal conductivity
models that are incorporated into the heat flow equation. The
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empirical values of the thermal conductivity of GaN and AIN
reported so far vary considerably, which are mainly attributed to
the difference in the purity and microstructure of the samples
studied. In comparison with the binary compounds, the thermal
transport in the ternary alloys is even more complicated due to
the effect of alloy scattering, which is shown to dominate [10].
In fact, only few works deal with the thermal conductivity of
AlGaN [10-13]. A combination of ab initio (first-principles)
calculations and solutions of the linearized phonon Boltzmann
transport equation is a powerful tool to estimate the thermal
properties of crystalline materials. In this paper, we calculated
the values of the thermal conductivity and thermal capacity of
AIN, GaN, Aly21Gap9N and AlpsGaosN in the range of
temperature from 20 K to 1000 K and evaluated the thermal
characteristics of a GaN HEMT in the framework of our
integrated approach based on the consecutive usage of first-
principles and device simulations. However, we have not had
yet a possibility to make measurements to prove our findings.

In Section II, the underlying principle of the approach used
in this work is explained. Section III contains the information
about the details of the first-principles and device simulations,
the electrical and thermal characteristics of the GaN HEMT.

II. INTEGRATED APPROACH BASED ON FIRST-PRINCIPLES AND
DEVICE SIMULATIONS

The rapid development of micro- and nanoelectronics is
related with the design and discovery of new materials, which
may either be a structural modification of a previously known
material (such as graphite and graphene [14]), or an unknown
combination of an atomic composition and a symmetry group,
or a heterostructure, in which the energy influence between the
materials is significant. The development of novel technologies
based on advanced materials paves the way for the creation of
new applications. In order to make a new material available for
device simulation, its basic parameters must be determined and
verified. The basic parameters have a primary influence on the
processes of generation/recombination and transport of charge
carriers, and, as a result, define the density and mobility of the
two-dimensional electron gas realized in GaN HEMTs.

For example, the simulation of a device structure based on
quasi-two-dimensional ~ films requires a  preliminary
determination of a minimum set of parameters. Band gap of the
material, electron affinity, density of states for electrons and
holes, dielectric constant of the material, effective mass and
carrier mobility this is a necessary minimum for device
simulation. Novel quasi-two-dimensional materials are not
always well studied experimentally.

It may also be necessary to determine some charge carrier
recombination parameters. These parameters, describing the
physical properties of quasi-two-dimensional films, are not
integrated into the software packages of device simulation. It is
possible to obtain the values of some parameters without
involving experimental methods using, instead, calculations
from first principles [15, 16]. In accordance with the proposed
approach, a set of parameters determined by first-principles
calculations is used at the stage of technology computer-aided
design (TCAD) simulation (Fig.1).
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Fig. 1. Scheme of the integrated approach based on the combined use of first-
principles and TCAD simulations

The first-principles simulation is to carry out calculations in
order to obtain data on the fundamental properties of crystals,
molecules, and other nanoscale objects without invoking
experimental data. The implementation of this simulation is
possible thanks to the such fundamental equation of quantum
mechanics as the Schrodinger equation. The problem of solving
the many-particle Schrodinger equation lies in a very large
number of variables. For example, five electrons in a 10x10x10
grid require 10 Petabytes of memory.

Traditional methods for determining the electronic structure,
in particular, the Hartree-Fock method and based them, describe
the system using a multi-electron wave function. The electron
density theory (DFT) is the solution to this problem [17]. The
main goal of the DFT is to replace the multi-electron wave
function with the electron density in the description of the
electron subsystem. This leads to a significant simplification of
the problem, since the manyelectron wave function depends on
3N variables — 3 spatial coordinates for each of the N electrons,
and the density is a function of only three spatial coordinates.

The results of first-principle simulation can be used in
fundamental models (e.g., a thermal conductivity model or
magnetic models) to obtain macroscopic parameters. For
example, the exchange interaction integral and other magnetic
parameters can be determined by obtaining data of the crystal
lattice total energy in several established magnetic states [18].
This can be used to simulation of magnetic devices. In the case
of using the thermal conductivity model, the phonon spectrum
will be determined at the initial stage. Further, the coefficient of
thermal conductivity or heat capacity coefficient are easy to
obtain. These results can be used by TCAD simulation software.
The results of this integrated approach are presented below.
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The description of physical processes in the device structure
is based on the use of the standard equations for TCAD
simulation: Poisson, continuity, carrier transport (diffusion-drift
model, energy balance model, hydrodynamic model). At the
same time, numerous models that are part of the instrumentation
and technology modeling software systems serve to describe
specific physical processes and phenomena. Some of them
require adaptation and calibration, taking into account the
characteristics of physical processes in the considered
instrument structures by using methods for determining the
significance of parameters and optimization methods.

III. GAN HEMT THERMAL CHARACTERISTICS EVALUATION

The sequence of the steps performed to evaluate the thermal
characteristics of the GaN HEMT is given in Fig. 2.

A. First-Principles Simulation

At the first stage, the first-principles calculation (ab initio
simulation as it is commonly in literature) is carried out using
the VASP software package recognized as a common standard
for the study of the fundamental properties of crystalline
materials [19]. VASP is developed for the simulation of atomic
scale materials, e.g. electronic structure calculations and
quantum mechanical molecular dynamics using projector-
augmented-wave method and a plane wave basis set. The
principal methodology is DFT. With the help of VASP, the
structural and electronic properties, the energy and the stress of
the AIN, GaN and AlosGaosN systems are obtained.

For wverification, the fundamental physical parameters
(structural and electronic properties) are compared with the
experimental ones. The condition for recognizing the method
correct, that is, providing realistic simulation: the structural
characteristics differ from experimental ones by no more than
5% (in particular, the lattice constants). In the results, the
structural properties of supercell as well as the force constant
data are obtained with a set of tags of simulations that satisfy the
condition above.

VASP: First-principles calculation of the electronic properties, the
energy and the stress of the system, the force on each of the atoms

!

2 | PHONOPY: Phonon calculation—phonon frequency analysis via
the forces associated with a systematic set of displacements

3
PHONO3PY: Thermal conductivity calculation

4

Post-process calculation: Thermal capacity calculation

|

TCAD: Device and thermal simulation with the models obtained
by the first-principles calculations

Fig. 2. Scheme of the integrated approach used to evaluate the GaN HEMT
thermal characteristics

At the second stage, the phonon properties are calculated
using the PHONOPY code. The information of the phonon
frequency is necessary for accounting the thermal properties of
crystalline materials. PHONOPY is an open source package for
phonon calculations at harmonic and quasi-harmonic [20, 21].
When an atom in a crystal is displaced from its equilibrium
position, the forces on each of the atoms in the crystal are
increased. The analysis of the forces associated with a
systematic set of displacements provides a series of the phonon
frequencies. First-principles phonon calculations with FDM
[22] can be made in this way. At the conclusion of this stage, a
set of phonon frequencies for the structures under study are
obtained.

The thermal conductivity calculation is carried out at the
next stage. PHONO3PY is another open source package
developed for the phonon-phonon interaction and thermal
conductivity calculations. This software calculates the phonon—
phonon interaction and related properties using the supercell
approach (The supercell consists of unit cells that describe the
same crystal. Many methods that use a supercell perturbate it
somehow to determine properties which cannot be determined
by the initial cell, e.g. during phonon calculations). The
linearized phonon Boltzmann equation is calculated on this
stage [23]. In the results, sets of the temperature dependence of
the thermal conductivity are obtained.

The thermal conductivity is calculated by the PHONO3PY
package. The phonon-phonon interaction calculation using the
supercell approach and the method based on the linearized
phonon Boltzmann transport equation with single-mode RTA
are implemented. In RTA, the thermal conductivity is written in
a closed form:

kzl

> Gy, ®v,1,, (1)
A

0

where N and V are the number of the unit cell in the system and
the volume of the unit cell, respectively.

The suffix A represents the phonon mode as the pair of
phonon wave vector ¢ and branch j, A = (g, j), and similarly we
denote —A = (—q, j). Cy is the mode heat capacity given as

ex ho,
P kT

where « is the Boltzmann constant, % is the reduced Planck
constant, 7 is the temperature, m, = w(g, j) is the phonon
frequency.

In (1):

)

v, =V,0(4,/), 3)
where T, is the single-mode relaxation time.

We performed a series of calculations against different
exchange correlation potentials and convergence criteria. After
these examinations, we chose the calculation settings described
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which are considered to give results accurate enough for our
discussion.

B. Thermal Conductivity and Thermal Capacity

The temperature dependence of the thermal conductivities of
AIN, GaN, Alg21Gag 7N and AlysGagsN is shown in Fig. 3.

The thermal capacities are calculated on the basis of the
respective thermal conductivity results. The dependence of the
thermal capacities of AIN, GaN, Aly21Gag N and AlysGagsN
on temperature is shown in Fig. 4.
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Fig. 3. Temperature dependence of the thermal conductivity of AIN (1), GaN
(2), Alp21Gag7oN (3) and AlgsGaosN (4)
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Fig. 4. Temperature dependence of the thermal capacity of AIN (1), GaN (2),
A10_21G30_79N (3) and A10_5Gao_5N (4)

The values of the thermal conductivity obtained by the first-
principles simulation for pure AIN and GaN agree well with the
experimental data provided in [10]. This confirms the validity of
the methods applied in our work.

After the thermal parameters of GaN and Alp21Gag 9N are
calculated, they are transferred to the device simulation stage.

C. Device Simulation

A two-dimensional schematic representation of the GaN
HEMT is given in Fig. 5. The heterostructure consists of a 20
nm Alg21Gag 79N barrier layer and a 1.5 um GaN buffer layer. In
order to emphasize the importance of choosing a suitable
thermal conductivity model, GaN is defined as the substrate
material. The gate length equals to 0.5 um. The source-to-gate
and gate-to-drain distances are 1 um and 2.5 pm, respectively.
The gate width is 100 pm.

The device simulation is performed in the framework of the
drift-diffusion theory with the Farahmand mobility model [24].
In order to incorporate the self-heating effect into the simulation,
the heat flow equation is solved self-consistently with the basic
semiconductor equations [8]. The thermal conductivity of GaN
in the temperature range from 300 K to 600 K can be fitted by
the formula:

T -1.03
A(GaN) = 258[%] : (4)

As opposed to our results, in order to make a comparison,
the following model [25] is also used:

T -0.28
A(GaN) = 130[%} . (5)

In Fig. 6, the dependences of the drain current and the
maximum temperature developed by the device on the drain
voltage (V,) are presented. As seen from the chart, at V;=10V,
the drain current equals to 0.076 A and 0.059 A when (4) and
(5) are wused, respectively. The respective maximum
temperatures are 436 K and 483 K.

In Fig. 7, the temperature distribution profiles across the
substrate built under the center of the gate at V; = 10 V is
presented. Owing to the higher thermal conductivity of GaN
provided by our model, the temperature difference between the
top and the bottom of the substrate is 134 K, as opposed to the
value of 181 K calculated with (5).

|Ga‘re (0.3 | SizNg (0.5

Source ) S ) Drain
(1.022) | Aly,;Gag 75N (0.02) (1.022
GaN (21.5)

Fig. 5. GaN HEMT device structure (in brackets, the thickness values in
microns are indicated)
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500
475

450

Temperature ( (K)
o+
(=]
(=]

0 5 10 15 20
Distance along the Y axis (um)

Fig. 7. Temperature distribution profile across the substrate: 1 is calculated
using (5) and 2 is obtained using our model

CONCLUSIONS

We proposed and verified an integrated approach based on
the combined use of first-principles and device simulations to
evaluate the thermal characteristics of a GaN HEMT. The values
of the thermal conductivity and thermal capacity of AIN, GaN,
Alp21Gag 79N and AlysGagsN were calculated in the range of
temperature from 20 K to 1000 K. The thermal conductivities of
pure AIN and GaN are in good agreement with the experimental
data. The thermal characteristics of a GaN HEMT on the GaN
substrate were simulated and the importance of choosing a
suitable thermal conductivity model was shown.
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