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ABSTRACT

AN ANALYTICAL METHOD FOR THE ACCURATE AND EFFECTIVE
THERMAL MODELLING OF ALGaN/GaN HEMTS

Azarifar Mohammad
M.Sc., Department of Mechanical Engineering
Supervisor: Asst. Prof. Dr. F. Nazli Dénmezer Akgiin

January 2017, 89 pages

AlGaN/GaN high electron mobility transistors (HEMTSs) are popular solid-state
electronic devices used for high power and frequency applications. Concerns exist
about their reliability and performance due to harsh self-heating effects, which makes
it necessary to correctly characterize their thermal performance. In the past many
researchers used thermal modelling approaches for thermal characterization since
variety of limiting factors still exist in the experimental measurements. In this study
diversities and important parameters in various thermal models are investigated to
provide a roadmap for the future thermal models. In addition, an analytical solution
technique with high efficiency and accuracy is introduced for the correction of 2D
models and for fast parametric thermal studies of HEMT devices. Using this
analytical technique comprehensive thermal performance comparison of GaN-on-
SiC and GaN-on-diamond for various device geometries and operating conditions is

also performed.
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AlGaN/GaN high electron mobility transistors (HEMTSs) are popular solid-state
electronic devices used for high power and frequency applications. Concerns exist
about their reliability and performance due to harsh self-heating effects, which makes
it necessary to correctly characterize their thermal performance. In the past many
researchers used thermal modelling approaches for thermal characterization since
variety of limiting factors still exist in the experimental measurements. In this study
diversities and important parameters in various thermal models are investigated to
provide a roadmap for the future thermal models. In addition, an analytical solution
technique with high efficiency and accuracy is introduced for the correction of 2D
models and for fast parametric thermal studies of HEMT devices. Using this
analytical technique comprehensive thermal performance comparison of GaN-on-
SiC and GaN-on-diamond for various device geometries and operating conditions is

also performed.
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CHAPTER 1

INTRODUCTION

1.1 AlGaN/GaN HEMTs

High quality GaN films are introduced by Nakamura et al [1, 2] in 1991 for the
development of the blue light emitting diodes (LEDs) and exhibited promising
opportunities in advancing transistor fabrication. Soon after, AIGaN/GaN transistors
were introduced and after two decades became available for extensive commercial
and defensive devices [3]. Unique high current and voltage capabilities of GaN makes
it highly valued for microwave and power switching applications. Consequently,
GaN is the first technology of choice in high-power applications [4], generally in
electronic warfare, satellites, radars, cable TV, and cellular communications. Popular
Silicon (Si) and Gallium Arsenide (GaAs) based devices cannot compete with the

highly efficient performance of the GaN devices.

Excellent performance of Gallium Nitride (GaN) based high electron mobility
transistors (HEMTS) at high powers and frequencies have inspired extensive research
among researchers and commercial developers of solid-state electronics [5, 6]. Solid-
state electronics is the expression for the electronic devices in which charge carriers
(electrons and holes) are constricted within the solid phase materials [7] (often a
semiconductor), which emphases it from the older technologies such as vacuum
devices, and current electro-mechanical technologies like hard drives [8]. Other
common names for HEMTs are two-dimensional electron gas field effect transistor
(TEGFET), heterostructure FET (HFET), selectively doped heterostructure transistor
(SDHT), and modulation-doped FET (MODFET).



GaN metal insulator-semiconductor FETs (MISFETS), whose main difference from
a HEMT is in the formation of the electron channel, is another important technology
in the field of high voltage application transistors. However GaN HEMTs are more
popular devices because of their significant noise reduction and improved

performance [9].
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Figure 1.1 Application of GaN HEMTs [10]

Development of double-field-plate microwave GaN HEMT with 41.4 W/mm
continuous-wave power density [11], and achieving world’s highest breakdown
voltage of 10400 V for power-switching purposes [12] demonstrate the great
potentials for development of these devices. Strategies Unlimited had predicted U.S.
$0.5 b market for GaN electronic devices by the end of 2010 [10], on the other hand
Transparency Market Research declared this value was U.S. $0.4 b in 2014 and is
expected to grow to U.S. $2.2 b in 2019 at 24.6% compound annual growth rate
(CAGR). Largest aspect of GaN market belongs to radio frequency (RF) and
microwave applications, targeting military applications like radar and high-
performance space electronics, beside commercial applications as shown in Figure
2



1.1. Example are: base-station transmitters (used in wireless communications), C
band Satcom (for long-distance radio telecommunications), Ku-K— band very small
aperture terminal (a two-way satellite ground station with data rates range from 4
Kbit/s up to 16 Mbit/s) and broad-band satellites, local multipoint distribution
systems, and digital radio [10].

1.1.1 HEMT Structure

Unique electron channel in HEMTs are created with the aid of special vertical
stacking of semiconductor layers. Figure 1.2 shows the cross section of a typical,
GaN HEMT structure composed of several semiconductor layers. Metal organic
chemical vapor deposition (MOCVD) grown barrier (AlxGaixN) layer, acts as
current isolator between the gate and the electron channel. Aluminum mole fraction,
X, is optimized between 0.1 and 0.3 for desired carrier concentration and transport
properties [13]. High aluminum concentration of AlGaN layer helps it to acts as a
better barrier. Devices with better barriers can withstand higher charge capacities, but

with cost of higher mechanical strain in the device.

Horizental Structure
< >

Field Plate

Passivation .
Source Drain
Gate 4/

Barrier
(AlGaN)
Channel (GaN)
Buffer (GaN)

Nucleation Layer (AIN)
Substrate (SiC)

QIMJONIS [BOTLIOA

Epoxy
Package

Y

Figure 1.2 Schematic view of GaN HEMT.

High quality GaN layer located under the barrier has high mobility and saturation
velocity and acts as the electron channel. Channel and buffer GaN layers, shown in

3



Figure 1.2, are grown on AIN (nucleation layer) with high temperature and pressure
MOCVD technique. Thickness of the GaN layer is varied between 0.5 - 2 um,
depending on the required quality and the device application. Nucleation layer
withstands high mechanical strains and is the source of one of the most important
thermal resistances in GaN HEMTs, thermal boundary resistance (TBR). The quality
of GaN crystal is low in the nucleation regions right above the AIN (barrier GaN) and
improves by further crystal growth, providing a layer (channel GaN) with less defects
ready for the electron transport. Substrate is the thickest layer of vertical
semiconductor structure, which offers mechanical support, heat passage to the
package, and electromagnetic captivation. Substrate is attached to the device package
with the aid of epoxy. Sapphire and SiC are the substrates of choice in many GaN
HEMTSs, but for cost reduction Si substrates are also used in the industry [14]. In high
performance GaN HEMTS, where the cost is not the first priority, diamond substrates
are used [15].

Source, drain, and gate metal contacts (shown in Figure 1.2) are typically made from
highly conductive materials such as Aluminum, Nickel, Titanium, and mostly from
Gold (or mixture of the mentioned) [16]. Contacts in GaN HEMTs can be categorized
into two groups: gate (Schottky), and source and drain (Ohmic). Source and drain
contacts are formed with high temperature annealing of the metal to the device
surface; this way contacts penetrate through the barrier layer resulting in low
electrical resistance. Gate (Schottky) deposition, on the other hand, is performed at a
lower temperature, thus the penetration of the gate structure into the barrier layer is
avoided. Minimum Ohmic contact resistance and gate current leakage should be
considered in building high quality metal contacts [17].

Other important horizontal structure in GaN HEMTSs is the field plate. Introduction
of field plates provided significant enhancement in the performance of GaN HEMTSs
[18]. As device operates, non-uniform electrical field with peak at the drain edge of
the gate develops. To reduce this peak, field plates are used to prevent current
collapse and impact ionizations. Sometimes, source field plates can be used to shield

the gate from drain in order to reduce the feedback time between the drain and the
4



gate. Furthermore, gate, source, and drain are passivated with Nitride passivation,

mostly using Silicon Nitride (SiN).

1.1.2 HEMT Physics

Formation of the electron channel and the properties of the AlIGaN/GaN devices are
directly related to the material properties of GaN. Electronic band gap, the energy
difference between conduction and valence band, is one of these material properties.
In general electronic band gap determines the mass of the freely moving electrons
and the ability of the material to withstand applied electric field (high break down
field). GaN has a very ionic wurtzite crystal structure with a high band gap of Eq =
3.4 eV, which makes it a stronger material compared to GaAs and Si , with band gaps
of 1.424 eV and 1.12 eV, respectively [19-21]. Due to its large band gap, GaN is able

to operate at higher voltages and higher power densities, as shown in Figure 1.3.

100 °
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0.001

0.0001 - T — —
0.1 1 10 100

Ve M

Figure 1.3 Power density vs. supply voltage (V4) of common transistors [22] .

In zero gate voltage (when the channel is open) electrons flow freely between source
and drain contacts in a very thin region called two-dimensional electron gas (2DEG).
Formation of 2DEG can be understood by investigating the energy band diagram for

the open channel illustrated in Figure 1.4 (of a negatively doped and undoped
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AlGaN/GaN heterostructure). As shown in Figure 1.4, Fermi levels of GaN and
AlGaN layers are matched in thermal equilibrium and larger band gap of AlGaN
introduces a bend in the conduction bands of GaN and AlGaN. Because of this
bending, a quantum well is formed in the GaN side of the interface in which the
conduction band falls under the Fermi level. This causes electron agglomeration in
top of the GaN layer. In doped AlGaN heterostructure electrons from AlGaN layers
also fall into the quantum well and get trapped there to provide more electrons in the
device [21]. Since 2DEG is located in the undoped GaN layer, the electron mobility

is very high due to less scattering by dopants.

Gate |undoped | GaN
I AlGaN

Gate E n doped
' AlGaN

GaN

> 2.DEG

(a) (b)

Figure 1.4 2DEG in zero gate voltage in (a) doped and (b) undoped AlGaN consideration.

Figure 1.5(b) presents the simple schematic electrical circuit in GaN HEMTSs.
Generally, as shown in the Figure 1.5(b), source is considered as ground and the drain
(Vas) as well as the gate voltages (Vgs) are evaluated based on this ground voltage.
Density of carriers in 2DEG is controlled by biasing the gate. As shown in Figure
1.5(a), which is the schematic view of famous lgs — Vs Curve, reverse biasing the gate
(Vgs < 0) decrease the depth of quantum well, and consequently the current decreases
in the 2DEG. When the reverse bias reaches a sufficiently high value (called pinch or
cut-off voltage, Vgs = Vrincn), current stops between the drain and source. It should be
mentioned that electrons move from source to the drain, but the positive current is
from drain to the source. As the device operates, due to the Joule heating, heat
generation occurs in the device with the value of P = lgs-Vas. Power density
6



characterization is more common in GaN HEMT studies which can be evaluated by
dividing the amount of power by the value of gate width, or gate periphery.
Commercial GaN HEMTs are able to sustain power densities no more than 2 to 4
W/mm [23].

Ids A

Figure 1.5. (a) Schematic lgs-Vgs curve in different gate bias (Vgs). (b) Simplified schematic of circuit
in HEMTs.

GaN HEMT possess relatively lower power added efficiencies in comparison with
Indium phosphide (InP) and GaAs technologies [24]. This is due to higher resistances
in GaN HEMTSs, however ability to sustain higher voltages brings overall efficiency
of GaN HEMTs to the top among RF transistors [10]. Unique channel control
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mechanism in GaN HEMTSs introduce less noise to the system. In addition, GaN
HEMTs have lower capacitance, which can help achieving higher bandwidths. In
conclusion, it can be stated that high power, high efficiency, high bandwidth, and low
noise are the key electrical features of GaN HEMTSs that put them in the spotlight

among similar technologies.

In addition to its high breakdown field, GaN transistors benefit from high saturation
velocity of the GaN crystals. Saturation velocity is the highest velocity a charge
carrier can attain in the presence of high enough electrical field. To move these
carriers an electrical field is essential. In the presence of an electrical field carriers
gain velocity, which is the most important parameter that affects the rate of charge
flow in the GaN crystals. This velocity can be evaluated by the knowledge of the field
strength (that depends on the device operation condition) and the mobility of the
electrons in the crystal (which is related to the properties of the crystal and its
temperature). Electron mobility generally decreases by increasing doping density in
the crystal [25]. As shown in the Figure 1.6, GaN has higher saturated electron

velocity in comparison to other common semiconductors of microwave devices [26].
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w

~N
Y
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Figure 1.6 Carrier velocity dependency to the field intensity of common semiconductors used in
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microwave industry [26, 27].



1.1.3 Current Technology
Gate is the most important horizontal structure, which controls the device function.

The smaller the gate length, the faster the device. Presented as lg in Figure 1.7(a), gate
length of 0.1 to 0.5 pum is typically used in GaN HEMT fabrication. Figure 1.7(b)

lsg

A
A 4

ldg

Source Drain
Gate

€
=
=
B
| -
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2
©
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o o lIFV's
¢ CMOS
—— CMOS Roadmap
0.01 1 I 1 1
1970 1980 1990 2000 2010
Year

(b)

Figure 1.7 (a) Geometrical characterization of horizontal structure. (b) Gate length change in FET
and CMOS transistors [22].
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shows the gate size reduction in transistors in recent years.

The drain to gate spacing shown as lqg in Figure 1.7(a) is of particular importance to
the power output of device. Device with longer lgg can deliver higher voltages, yet
their power dissipation and self-heating increase because of resistance increase.
Longer lqg is preferred for high voltage and shorter lqg is preferred for high speed and
RF efficient applications. Source to gate spacing lsg is typically shorter than lgg.
Overall 3 to 8 um total drain-source spacing (lag + lsg + lg) is common in device

fabrication.

Increasing need for high power GaN HEMTs makes it necessary to fabricated high
thermal conductive devices to dissipate heat more effectively from heat generation
zones. This issue resulted in fabrication of GaN HEMTs using substrates with high
thermal conductivities like diamond. GaN-on-diamond is a relatively new technology
with numerous concerns about its fabrication process. Silicon Carbide is another high
thermal conductive substrate that have desirable properties for GaN HEMT
production. It is good electrical insulator and possesses small lattice mismatch to
GaN, and offers higher thermal conductivity, compared to Si or sapphire substrates
[28].

First problem with diamond substrates is their difficult fabrication compared to SiC
technology. Due to different crystallographic states of GaN and diamond, challenges
exist in integration of GaN-on-diamond substrate. GaN and poly crystal diamond
(PCD) can be integrated either by wafer bonding [29], or diamond growth on GaN
buffer layer [30]. Additionally, GaN epilayers can grow on significantly high thermal
conductive single crystal diamonds (SCD) [31], however GaN-on-PCD integration is
preferred due to scalability [32, 33]. However, PCD is a material with slight higher

thermal conductivity than SiC, and in the mean time with significant higher price.

Next issue in GaN HEMT fabrication is the TBR. In all mentioned integration
processes, acoustic mismatch between materials, defects in near nucleation regions,

and nucleation/bonding layer itself build a thermal barrier between GaN and
10



substrate, known as TBRes (in direct growth of GaN-on-SCD strain relievers are also
responsible for boundary resistance [34]). Since GaN-on-SiC is more developed
technology, commercial devices with low TBRess are available. However, higher
TBRefr in GaN-on-diamond devices can question their superiority over GaN-on-SiC.

Both academic and commercial developers are aiming to develop more reliable GaN
HEMTs with higher power and frequency performance. Beside the project which this
thesis is based on (METU-BAP with grant no of BAP-08-11-2015-028 and the
TUBITAK with grant no of 115E756), Defense Advanced Research Agency
(DARPA) of United states [35], New Energy and Industrial Technology
Development Organization of Japan [36] , European joint Research and Technology
project Key Organization [37], and European Space Agency[38] have funded great

project about development of GaN microwave electronics.

1.2 Thermal Issues

As HEMTSs performance converges to the desired application levels, the importance
of their reliability and life-time increases [39]. As electronic devices work,
irreversible degradations occur in the device structure. Some of these degradation
mechanisms are temperature dependent and temperature rise speeds up their
occurrence. This increases the failure rate and decreases the reliability of electronic
devices [40, 41]. HEMT function is based on exciting carriers by external electrical
field, created by biasing transistor contacts. The excited carriers transfer their energy
to the semiconductor lattice, which increases the device temperature. This
phenomenon is known as Joule heating effect. Figure 1.8 shows the infrared
temperature measurement of the device from top view. As is can be seen in the Figure
1.8, the heat generation is concentrated along each gate (finger) of the device.
Depending on the desired electrical output, GaN HEMTSs can be fabricated in two or
multi-finger design, as shown in Figure 1.8(a) and (b).
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(b)

Figure 1.8 IR temperature map of (a) multi-finger [42] and (b) two-finger AIGaN/GaN HEMT [43].

Highest temperatures in devices are observed at localized self-heating zones called
hotspots [44]. Hotspots occur in the drain edge of the gate in the 2DEG. HEMTs
exhibit excellent reliability in low-frequency applications in normal hotspot
temperatures (150-250 °C) as reported in [45, 46]. Outstanding values of mean time
to failure (MTTF) of 107 hours in the hotspot temperature of 150 °C [47] and 10°
hours in 200 °C [46] are obtained in accelerated DC life test in low frequency
application. As it was mentioned before, global GaN market is mostly driven by the
military demands. As shown in the Figure 1.1, GaN HEMTSs used in the military
applications need higher frequency and more power. Consequently, as stated by Mark
J. Rosker, DARPA'’s representative, reliability of these devices is questioned since

they function in hotspot temperatures above 300 °C.

Figure 1.9 shows the study of MTTF of TriQuint (name of the manufacturer [48])
HEMTs in different junction temperatures, conducted by DARPA, which studied the
reliability of HEMTSs for the high-frequency application in both DC and RF life test
[49]. As shown in Figure 1.9 semi-exponential dependency of MTTF to the channel
temperature of the device implies that even a small reduction in channel temperature
can result in significant increase in the life time of the device.
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Figure 1.9 MTTF projection of TriQuint HEMTs [49]

Based on the arguments explored above, it can be stated that future market of GaN
HEMTs depends on fabricating high power and, in the same time, reliable operating
devices. Temperature control is among the major concerns, determining the reliability
of the GaN HEMTSs. Accordingly, accurate thermal characterization is needed [50,
51]. This highlights the importance of accurate thermal modeling of GaN HEMTs,
which is required to characterize the thermal behavior of the devices and to

investigate the possible thermal control techniques.
1.3 Thermal Characterization

Thermal characterization attempts can be classified into two groups: Experimental
and theoretical. Experimental characterization of HEMT temperatures can be
performed with techniques such as the infrared cameras [52], liquid crystal
thermography [53], micro-Raman thermography [54], photoluminescence [55],
transient thermo-reflectance [56], and pulsed current vs. voltage measurement
methods [57]. Most of these techniques have high costs and limited spatial and/or
temperature resolutions, hindering the precise quantification of the hotspot
13



temperature [58]. At its best, Riedel et al. [59] reported spatial, temporal, and thermal
resolution of Raman thermography to be 0.5 um ,10 ns, and +5 K, respectively. Also
there are reports of enhanced thermoreflectance measurement with 10 mK thermal
resolution [60], and 10 ns temporal resolution in submicron imaging [61, 62].
Although, experimental techniques are improving, there is still a need for alternative
methods due to their high cost and limited characterization accuracy of extremely
small hotspot with reported critical size of 50 nm [63] to 500 nm [64]. Limitations
and expenses of experimental techniques underlines the need for correct, detailed,
and also efficient thermal modeling of GaN HEMTSs [65]. Theoretical modeling of
GaN HEMTSs includes analytical [66], semi-analytical [67], and numerical [68]

approaches.

Theoretical thermal models of GaN HEMTs are mainly based on steady state

Fourier’s heat diffusion equation:

i{kxﬂ}+i k a +i[kzﬂ}+(j:0 (1.2)
ox| “ox | oy| Yoy | oz| ‘ez

In whichk;_,, ,, is the thermal conductivity of device in different directions, T is the

temperature and ¢ is the heat source value that represents Joule heating in the device.

Although equation 1.1 is the famous steady state heat diffusion equation, however as
we are going to discuss later, challenges, controversies and uncertainties exist in the
theoretical thermal models of GaN HEMTSs.

For the solution of equation 1.1 to predict the device temperature analytical and
numerical approaches were developed. Analytical thermal models of GaN HEMTs
are based on the calculation of spreading and one-dimensional thermal resistances of
the device. Since spreading thermal resistance occurs in the first 100 um from the 2-
DEG [69], analytical thermal models mostly include GaN and the substrate layers
and in some cases, TBR in between these layers. Analytical approaches neglects the
presence of other structures in the device geometry by assuming simple shapes for
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the device. In addition, analytical thermal models make use of constant thermal
conductivities and simple boundary conditions. Modeling detailed structures and/or
boundary conditions by analytical approaches introduce additional complexity to the
solutions. Thus, too complicated analytical solutions hinder their practicality [70].

A. M. Darwish et al. [71] developed closed form approximate expressions of thermal
resistances of multi-finger GaN HEMT and obtained results for SiC, Si, and sapphire
substrates in different geometrical considerations. The model presented acceptable
agreement with experimental observations of M. Kuball et al. [54]. In addition, the
analytical results were in good agreement with numerical results obtained from
ANSYS. Despite simplicity of the solution, one of the main problems in this research
was neglecting the TBR between GaN layer and the substrate. Presence of this
thermal barrier alters the spreading thermal resistance of the device significantly.
Without considering this important parameter, the solution presented in this paper
can face great inaccuracy issues. In addition, using closed from expressions instead
of Fourier series summation, can be the source of further inaccuracies in the extreme

or unusual geometrical considerations.

Y. Muzychka et al. [72] presented more general analytical solution which evaluates
thermal spreading resistance in compound orthotropic systems with interfacial
resistance in between, using the separation of variables. This research is specifically
conducted for heat transfer in electronics devices and is the extensions of previous
existing solutions of Y. Muzychka and others in previously published works [73,
74]. This research provides Fourier series summation solution for two solid layers
with TBR in between, which is the general problem in GaN HEMTs. As mentioned
before, since spreading thermal resistance ends after 100 um from the top, the
solution of this research is the best match for GaN HEMT analysis. Cooperation of
Y. Muzychka and K. R. Bagnall [75] resulted in more general solution for thermal
spreading resistance in compound orthotropic systems with interfacial thermal
resistance in between. This solution combines the Fourier summation solution
presented in [72] with the influence coefficient method introduced by Y. Muzychka

[76] in order to extend it for characterization of multi-finger GaN HEMTs. After this
15
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Figure 1.10 Temperature profile at the hotspot analytical and numerical 3D GaN HEMT model
computed by the analytical solution and FEA model [70]

research, Y. Muzychka and K. R. Bagnall extended their solution even further, for
multilayered structures (more than two layers) [77] and based on this research,
specified solutions were obtained for GaN HEMTs in their next paper [70]. Sample
verification results of this research is shown in Figure 1.10. The closed-form
analytical solution presented in these researches can be important for other researches
topics of other thermal sciences, but is unnecessarily complex for thermal
characterization of GaN HEMTSs. Diminishing spreading effects in less than 100 pum
from 2DEG, narrows the need of analytical solution for GaN and substrate layer with
TBR in between only. Thus, accurate solution provided in [72] is sufficient for
analytical thermal characterization of a 2-finger GaN HEMT, and can be extended
for multi-finger GaN HEMTSs using the influence coefficient method presented in
[76].

While analytical approaches are preferred for device optimization studies, numerical

thermal modeling is used mainly for more accurate thermal characterization of the
16



HEMTs. Accommodation of multiscale geometries with temperature dependent
material properties, and more importantly ability to import realistic heat generation

distribution are some of the advantages of numerical simulations.

E. Douglas et al. [78] modeled a simple GaN-on-substrate structure with neglecting
other geometrical structures shown in Figure 1.2 using finite element method. The
effects of temperature dependent substrate materials, size of the die, and finger
numbers were examined. In addition, 2D and 3D simulations were compared.
Deviation in peak temperatures between 2D and 3D simulations was reported and,

using 3D thermal analysis was suggested for accurate MTTF predictions.

In a similar manner, F. Bertoluzza et al. [79] discussed substrate material, finger
characterization, the presence of passivation, and the cooling strategies in both time
dependent and steady state 3D finite element thermal simulation of GaN HEMTSs.
With similar results to [78], importance of 3D modeling is stated. The time dependent
study revealed the thermal behavior dominance of structures above GaN in short time
ranges, while the substrate has little or no effect on self-heating in this case.
Passivation layer found to have negligible effect in this research and importance of
considering spreading thermal resistance in designing cooling strategies is
highlighted.

In above numerical models (also in all of the analytical models) ¢ in Eq.1.1 is

assumed to have uniform density in the heat generation region. However, in real
device operation heat is generated non-uniformly along the channel, depending on
the electrical bias condition of the device [80]. In addition to the bias condition,
presence of field plate can alter distribution of generated heat, which previous models
are unable to characterize. As shown in Figure 1.11, in order to capture the heat
generation variation effects on thermal response of the device, researchers like Heller
et al. [58, 81] and Donmezer et al. [82] used electro-thermal simulators to capture the
heat generation variations and later, to import it to the typical numerical thermal

analysis models.
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Figure 1.11 (a) Realistic Joule heating distribution of the device (b) Surface temperature profile of

the device obtained using numerical simulations [44].

Heller et al. [81] characterized channel temperature of field plated, and non-field
plated GaN HEMT using electro thermal simulation and verified the results by
Raman spectroscopy. At the same power density, the importance of bias condition in
temperature characterization is explained. High drain source voltage found to cause

higher hotspot temperatures in the device. It was also stated that industry must
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reconsider their accelerated life tests bias condition to find more applicable and
reliable MTTF results.

In a similar manner Donmezer et al. [82] developed an electro thermal model by
solving the gray phonon BTE and coupling it to the numerical heat diffusion solver
(using COMSOL Multiphysics) for hotspot temperature prediction of GaN HEMTS.
In this study, effect of different substrate layers were also considered. This research
showed that the heat generation region occurs in nano meter size regions in the drain
edge of the gate in 2DEG. Effect of considering different substrates were analysed
and various heat dissipation mechanism were discussed. Similar results were also
obtained by Hosch et al. [83] by using micro Raman and electro thermal simulators and

in a similar manner, but with micro Raman technique only, by Choi et al. [84].

Although the four latest approaches explained, are considered more detailed and
accurate methods for thermal characterization of GaN HEMTS, concerns exist about
their validity [23, 79]. Limit of electro thermal solvers to 2D geometries,
uncertainties in numerical convergence of solving Poisson’s, current continuity, and
heat conduction equation in the same time, and nonlinearities introduced by sharp

changes in electron concentration and geometries are three reasons for skepticisms.

1.4 Motivation and Outline

As stated in the second section of this chapter, thermal characterization of GaN
HEMTs is necessary part of developing reliable devices for high power applications.
Increasing demand for higher power transistors cannot be answered unless the
reliability concerns reduced by better thermal engineering of these devices. During
our literature review, we have faced wide range of controversies in previous thermal
modeling approaches of GaN HEMTSs and realized the need to introduce a roadmap
for the future thermal models of this field. We also realized that due to computational
cost of numerical techniques, researchers and electro thermal simulators utilized 2D
modeling techniques, which turn out to be not accurate. These topics are covered in

second chapter of this thesis.
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Due to high computational cost of numerical simulations, in the third chapter, an
analytical approach is presented to evaluate thermal resistance of the multiscale
device. For the first time, thermal characterization of die-on-package structure is
formulated in one place. In chapter four, the numerical approach presented in the third
chapter is used for the enhancement of 2D numerical models. Significant over-
estimation of 2D thermal models and high computational cost of electro thermal and
thermal simulations makes it necessary to calibrate 2D models. Based on analytical
investigation of thermal resistance of the device in 2D and 3D geometries, a novel
correction method is introduced for calibration of the 2D models. Next, the correction

method is tested and verified with 3D numerical models.

Substrate selection is important issue in thermal control of GaN HEMTSs.
Comprehensive comparison is not performed over substrate selection between SiC
and diamond substrates. Thus, in chapter five, a parametric study is performed for the
substrate selection using the analytical procedure of the third chapter. Previous
thermal performance comparisons of GaN-on-SiC (substrate of choice) and GaN-on-
diamond (new technology) devices are limited to devices with identical geometry due
to modeling and experimental limitations. Lastly, the important results of this thesis
and future research is highlighted in the sixth chapter.
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CHAPTER 2

NUMERICAL THERMAL MODELLING OF ALGAN/GAN HEMTS

As discussed in the previous chapter, it is realized that accurate thermal
characterization of GaN HEMTs is necessary to understand device reliability in
different operational conditions. Limited accuracy and high cost of experimental
techniques highlight the importance of theoretical models. In the past, many
researchers preferred to use numerical software for the development of thermal
models of GaN HEMTs. When these models are compared with each other, variety

of different assumptions and techniques are observed.

First and major difference of the different thermal models is their dimensionality. Due
to computational expense of 3D models, some researchers used computationally
efficient 2D approaches [85]. Two-dimensional modeling is also common in finite
element electro thermal simulation software like Synopsys and Silvaco where the
computational cost of 3D models are excessively high [86, 87]. However, when the
results are compared up to 75% difference in the temperature predictions of 2D and
3D models has been reported [79]. Such differences stem from both the difference in
the one-dimensional thermal resistance of these models (due to cross sectional areas
difference of 2D and 3D geometries) and the neglected thermal spreading resistance
along the third dimension in 2D models [23, 74, 78, 79, 88].

Next major difference is the definition of the heat source, which represents the Joule
heating in the device. While researchers like Heller et al. [58, 81] and Donmezer et
al. [82] used realistic Joule heating data obtained from electro thermal simulations,
others used uniform rectangular heat generation regions [79, 88] or surface heat flux
[89] in their thermal models. While literature presents variety of assumption in the
size and shape of the heat source modeling, comparisons have not been performed

and no general rule has been stated for the accurate modeling of devices [23].
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Other important difference between thermal models is related to the choice of thermal
properties of materials. For example, while some thermal models used temperature
dependent material properties, others used constant thermal properties [90].
Although, it is known that the implementation of temperature dependent thermal
conductivities is required for more accurate analysis of the devices, its importance on
the hotspot has not been quantified and simplifications based on the temperature
dependent properties has not been discussed. Moreover, the effect of effective
thermal boundary resistance (TBR) between the GaN and the substrate [91, 92] is

ignored in some models [90].

Finally, when different models are analyzed it was observed that the effects of natural
convection and radiation on the heat removal from the devices have not been
analyzed in detail. Although few researchers including Douglas, et al. [78] mentioned
implementation of natural convection boundary condition in their simulations there
is not enough discussion in the literature about the relative effects of natural

convection and radiative heat dissipation mechanisms from HEMTSs.

In this chapter, after the introduction of the device geometry and the device modeling
approach, complete discussion of the effects of the different assumptions in thermal
models is performed. These major diversities of previous thermal models are listed
and their relative effects on the device temperature are discussed to provide a

roadmap for the future thermal models of GaN HEMTSs.

2.1 Approach and Geometry of the Device

To analyze different modeling techniques and to provide a roadmap that covers
previous diversities in the literature, a simple 2-finger GaN HEMT device is chosen.
For this purpose, a conventional 2-finger GaN HEMT as shown in the Figure 2.1 is
used in the simulations. Two and three-dimensional thermal simulations of the device
are performed using COMSOL Multiphysics with the aid of heat transfer module in

solids to solve the steady state heat conduction equation to examine the effect of
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different boundary conditions, heat source size, TBR, and temperature dependent

thermal properties. Due to the symmetry of the device and its boundary conditions,
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Figure 2.1 (a) The quarter of the HEMT device model used in 3D thermal simulations. (b) The cross-
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sectional view of the 3D model and the device model used in 2D thermal simulations.
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only the quarter of the device shown in the Figure 2.1(a) is used in 3D thermal
simulations. Figure 2.1(b) is the 2D representation of the 3D model that also we can
see in the literature. As shown in Figure 2.1(a) 200 um x 400 um GaN-on-SiC die is
mounted on a 6 mm x 9 mm Copper Tungsten (CuW) package using epoxy.
Thickness of the GaN, SiC, epoxy and CuW are taken as tgan = 3 M, tepo = 20 pm,
tsub = 200 pm [93, 94], ,trac = 1 mm, respectively. The lengths of the drain and source
metal contacts represented as D and S in Figure 2.1(b) are both taken as lq = Is = 25
pm while the gate length is taken as Iy = 0.4 pum. The drain-gate spacing and the
source-gate spacing, shown in Figure 2.1(b) are taken as lgg = 2.8 um and lgs = 0.8
pum, respectively. The die is positioned at the center of the package. Other device
parameters are shown in Figure .2.1(a) such as TBR size and shape of the heat source,
boundary conditions, and metal contacts.

Joule heating in the device is modeled both with surface heat flux and with volumetric
heat source assumption. Detailed study of heat source characterization effect on
device self-heating is presented in the section 2.2. Thermal boundary resistance is
applied between GaN and the substrate layer as shown in Figure 2.1, and detailed
study about its effect is provided in the section 2.2 Bottom surface/boundary of the
device is assumed to be perfect heat sink with Tsink = 300 K. Other surface/boundaries
are assumed adiabatic, except in the Section 2.3 where the effect of radiative and

convective boundary conditions are discussed. Table 2-1 presents the

Table 2-1 Temperature dependent and constant thermal conductivities at T = 300 K of materials used

in thermal simulations.

Material Kmaterial (W/mK) K|r=300 k(W/MK)
Alo20Gao 71N 30 [95] 30

GaN 267 - 0.425T + 3x10™ T2 [96] 166

SiC 387(T/293)14° [97] 373.6

Epoxy 50 [98] 50

Cuw 204 - 0.0251T - 7.62 x 10°T2[94]  189.6
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temperature dependent thermal conductivity of the materials used in these
simulations. Effect of thermal conductivity of the materials in accurate thermal
characterization of the device is provided in the Section 2.4, and lastly 2D and 3D
models are compared in Section 2.5.

Finite element meshing the device structure is of the important factors in the correct
modeling of the GaN HEMTSs. Due to small size of the heat generation region, very
small elements are required to be structured in this region and its surrounding. To
eliminate the excessive memory requirement, a careful growth of mesh is necessary
from the heat source region to outer regions. The details of the tetrahedral mesh is
shown in Figure 2.2. For the 3D geometry mesh independent results require more
than 2.5 million elements in the simulations in 2-finger device modeling. In 2D

modeling, however, ten-fold reduction in the required element number can be

=t

Figure 2.2 Meshing of the geometry in different zoom views toward heat source.
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achieved. Our mesh independency tests revealed that meshing GaN layer
(particularly near the heat generation region) is critical to capture heat spreading

effects adequately.

2.2 Joule Heating and TBR

When HEMTSs operate, it is often not possible to observe a uniform heat generation
in the channel due to the non-uniform electrical field distribution. Thus, different
biasing condition results in different heat generation distribution. To visualize the
heat generation in different biasing condition, heat generation data from electro
thermal solver is presented in Figure 2.3. The data is obtained from ongoing research
project with cooperation of Dogacan Kara (Master student, Department of
Mechanical Engineering, METU) who has provided the electro thermal data.
Geometrical changes in this Section are as follows: lg = ls = 37 um, lg = 0.4 pm lgg =
2.8 pum and lgs = 0.8 pm, since the Sentarus simulations were done based on these

values.

To compare only the effect of distribution of the heat generations in different biasing
conditions, devices operated at same power densities can be modeled. By plotting the
las - Vs curve and finding the cross sectional points with the constant power
dissipation lines, bias conditions with similar power dissipation values can be
evaluated. Heat generation distributions later can be obtained based on these biasing

conditions point.

In open gate bias condition, electrical field and consequently heat generation is more
uniform whereas near device pinch-off the heat generation is concentrated as shown
in Figure 2.3. Thus, open gate (Vgs = 0, Vgs = 3) and near pinch-off (Vgs = -3, Vgs =
9.43) bias conditions are selected for comparison. Effective height of heat generation
height is found in between 3 to 7 nm. We have found these values in agreement with
previous researches [63, 81, 99, 100].
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Figure 2.3 Heat generation distribution in open gate (Vg = 0) and near pinch-off (Vg = -3) bias

conditions

Heating distribution can change along gate width or y-axis (refer to Figure 2.1), but
it was reported that the variation of the heat distribution along the gate width has
negligible effect on the thermal behavior of the devices [58]. As we can see in Figure
2.3, nano scale heat generation distribution is changing abruptly in z-direction. This

distribution cannot be integrated to the numerical thermal models due to meshing
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issues. Thus, heat generation is weight integrated in the z-direction. Figure 2.4 is the

integrated heat generation of Figure 2.3 along the x-axis, obtained using MatLab

script.
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Figure 2.4 Integrated heat generation along x-axis in different bias conditions. Total value of heat

generation in each case is provided on the figure.

As we can see in the Figure 2.4, total amount of heat generation in both bias
conditions are equal. In absence of electro thermal data, or in analytical modeling,
heat generation should be modeled uniformly in constant areas of the device. In order
to compare these models with electro thermal models, uniform heat generation with
critical size of 50 nm area at the drain edge of the gate [44, 63] is selected as the heat
generation size in pinch-off bias condition. This is the lowest reported critical size in
the literature that encouraged us to adapt this critical size as the accepted heat
generation region size in our studies. For the open gate, modeling constant heat
generation is assumed between drain and gate. The geometrical description of each

model is (also illustrated in Fig.2.5):
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Figure 2.5 uniform surface heat flux assumption to model Joule heating.

1. Heat generation from electro thermal simulations:
a. Heat generation in open gate bias condition from Figure 2.4.
b. Heat generation in near pinch-off bias condition from Figure 2.4.
2. Uniform heat generation without using electro thermal simulations:
a. Nanoscale surface heat flux of 50 nm in the drain edge of the gate adapted
from [70], shown in Figure 2.5.
b. Channel-long heat flux positioned between the source and the adapted

from [101], shown in Figure 2.5.

Figure 2.6 shows the temperature profile comparison along x-axis at the hotspot line
(shown in Figure 2.1) between electro thermal and thermal (with uniform heat
generation) modeling in open gate and near pinch-off bias. As it can be seen in the
Figure 2.6, thermal models with uniform heat generation assumption predict higher
hotspot temperatures in comparison to electro thermal models. In near pinch-off, the
hotspot temperature rise (AT) is predicted as 57.5 °C and 42 °C in thermal and electro
thermal approaches, respectively. In open gate consideration, thermal models are
predicting approximately same temperature rise with only 3 °C difference. Since the
50 nm area is the lowest critical heat generation length, the predicted results of pure
thermal models are higher than the electro thermal simulations. We have found that
by changing the heat generation region size in pure thermal model, temperature
profiles match the electro thermal models. This suggests that by finding the critical
size of heat generation in the desired bias condition of the device (which is often near
pinch-off), one can model the 3D thermal simulations or analytical optimization

without any need for importing electro thermal models. In narrower channels, the
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Figure 2.6 Temperature profile comparison (along x-axis at hotspot line) of electro thermal modeling

and pure thermal model in (a) open gate and (b) near pinch-off bias.
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heat generation can be more concentrated and its size reach to size of 50 nm, based
on the bias condition. The thermal models should consider the most intense heating
condition that the device is going to operate, in order to provide accurate assumption
for the Joule heating in these bias conditions [81], and due to this reason we use 50
nm critical size in our models. It should be mentioned that difference in temperature
distribution in above models is not because of value of the heat generation, but due
to the distribution of the heat generation. In open gate model, widespread heat
generation causes lower temperature rise in the device, while more localized self-
heating near pinch-off condition causes more than 30°C difference in hotspot

temperature rise.

Heat generation in GaN HEMTSs occur inside the GaN layer volumetrically, however
most of the thermal models implement the device heating as heat flux instead of
volumetric heat generation. Although there is not enough data about the correct height
of heat generation in the literature, we have decided to compare volumetric heat
generation regions with surface heat flux assumption based on the generation
dimensions introduced in [63]. Thus, two models with different heat generation
regions, one with square cross section with of 50 nm, and one with surface heat flux

with size of 50 nm are compared as shown in the Figure 2.7.

Volume Heat Source Volume Heat Source
Pinch off Open Gate

G G

50 nm'~- 50 nm*’

Figure 2.7 Uniform volumetric heat source assumption to model Joule heating.
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Figure 2.8 Temperature profiles along the hotspot line of the HEMT modeled with surface heat flux

with volumetric heat source assumptions. Effect of including TBR is also shown.

Temperature profiles along the hotspot line (shown in Figure 2.1(b)) are presented in
Figure 2.8. As seen in the Figure 2.8, surface heat flux and volumetric heat source
models follow the same temperature patterns everywhere except the hotspot region,
where 15% increase in the hotspot temperature can be seen. This difference is due to
increased heat spreading area (top and two sides of the heat source) of the volumetric
heat source model. This very important result question the validity of the surface heat
flux models in near pinch-of conditions, which is the desired critical condition of the
device to study the MTTF of the device. Researchers must consider this temperature
over estimation when they use surface heat flux modeling since 15% difference is

significant in MTTF studies.
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In each of the above heat source models, effect of TBR between the substrate and the
GaN layers (as represented in Figure 2.1) is analyzed. Value of the TBR strongly
depends on the fabrication details [91]. For instance, reported values of the TBR of
AlGaN/GaN HEMTs with SiC substrate varies between 0.1 - 108 m?K/W [102] to 7
.10 m2K/W [54]. It is also reported that the value of the TBR increases by the
temperature rise in the devices [103]. In this study TBR is assumed to be constant

and equal to 3.3-10® m2K/W [103] to represent an average value.

As shown in Figure 2.8 changing heat source shape alters only the spreading thermal
resistance of the device, while TBR changes total thermal resistance. Hotspot
temperatures rise decreases by 9% when TBR is taken out from the thermal models.
Even though the implemented value of TBR is relatively small, once it is located
close to the heat source and on the path of the major heat removal, it can cause
significant differences in the thermal behavior of the device. Although, the presence
of TBR and other thin thermally resistive layers in other areas may not have
significant effect in thermal behavior of the device, additional care must be taken
when they are close to heat sources. Thus, it can be stated that while including TBR
in HEMT thermal models with correct value and position is necessary to achieve
accurate thermal results. Other thin layers such as AlGaN, which is not on the heat
transfer path, can be omitted without significant change in results of the thermal
analysis. Neglecting thins layers like AlGaN can be critical in robust meshing process

and can reduce computational cost of simulations significantly.

2.3 Convection and Radiation

Typically, in thermal models of HEMTs, an adiabatic boundary condition is applied
to top and the side surfaces of the device. However, often these devices are exposed
to natural convection and surface radiation. To analyze the importance of these heat
dissipation mechanisms, natural convective and radiative heat dissipation boundary
conditions are applied to all boundaries/surfaces (except the bottom of the package
and the symmetry boundaries/surfaces as show in Figure 2.1(a)). COMSOL’s

predefined natural convection heat transfer coefficient for air in T = 300 K, and
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overestimated surface radiative emissivity of € = 0.03 [104] are used in the thermal
simulations. Natural convection coefficients for horizontal plate from upside and
vertical plates were verified with [105]. By using the integration techniques, total
values of convective and radiative heat dissipations from the device are evaluated.
Then their ratio to the total power generation from the device are calculated. This
way, the relative importance of these heat transfer modes are found to understand the
accuracy of the adiabatic boundary condition assumption in which these mechanisms
are ignored.

Figure 2.9 shows the percentage of the convective and radiative heat loss from the
device to the total heat dissipation at different power densities. Even though the
relative importance of the radiative and convective heat dissipation is higher at low
power densities, heat dissipation with convection and radiation is still negligible
compared to total heat dissipation from the device. In addition, it has been noted that
the majority of both the natural convection and radiation heat dissipation is from the
package due to its relatively large surface area. This indicates majority of the heat
removal is via conduction to the perfect heat sink of Tsink = 300 K. Thus, the available
evidence suggests that one can neglect radiation and convection in the HEMT devices

and apply insulated boundary conditions instead without significant accuracy loss.
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Figure 2.9 Percentage of the convective and radiative heat transfer to the total heat transfer from the

device at different power densities.
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2.4 Thermal Conductivity

Typically, the value of thermal conductivity of materials in HEMTs depend on the
fabrication technique and temperature of the material. Although, the conductivity of
materials in HEMTs cannot be stated exactly [106], common fitted equations can be
found in the literature to correlate thermal conductivities to the temperature. To
analyze the effects of temperature dependent material properties on the thermal
performance of the device, 3D thermal simulations of devices operated at different
power densities with constant and temperature dependent material properties as

presented in Table 2-1.

Generally, thermal conductivities of the materials drop by the temperature rise. In
HEMTSs, since GaN and substrate layers reach to higher temperatures than the rest of
the device, thermal conductivities of these layers drop significantly, and this issue
increases the thermal resistance of the devices at high power densities. This causes
hotspot temperatures to increase and becomes more important at high power
densities. Hotspot temperature obtained with constant thermal conductivity models
can be as low as 23 K than the hotspot temperatures predicted by temperature
dependent thermal conductivity models. To illustrate the effect of temperature
dependent thermal conductivities, the thermal resistance variations of the device
operated at different power densities are plotted in Figure 2.10. Thermal resistance of

heat conduction from heat source to the heat sink can be evaluated by equation 2.1:

R= (-F50urce _-FSink) / Q (21)

In which R is the thermal resistance of the heat source, T

Source

is the average
temperature of the heat source, T_,_, is the average temperature of the bottom surface

and Q is the total heat dissipation from the source.
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Figure 2.10 Total thermal resistances of the devices at power densities of 1-5 W/mm, when

temperature dependent and constant thermal conductivities are used.

As it can be seen, in model with all layers of variable thermal conductivity significant
variation in thermal resistance is observed by power density change. This is in
contrast with the model with constant thermal conductivities, in which no change in
thermal resistance is obtained. To analyze the importance of the thermal conductivity
of each material it is decided to study their effects seperatly. This is done by keeping
that layer’s thermal conductivty constant. GaN and susbstrate layers presented the
most importance in determination of thermal resistance in the device, however
temperature depencecy of the package showed negligble effect in thermal models.
This fact shows that most of the spreading thermal resistance in the device occurs in
GaN and substrate layers. Additionally, it can be concluded that the thermal
conductivity variations of GaN and substrate play important roles in the thermal

behavior of the device and should be implemented accurately in thermal simulations.

2.5 2D Simplification

Prior to comparison of 2D with 3D models, procedure of thermal modeling in 2D
models of numerical software should be explained. In advanced software like

COMSOL, two-dimensional thermal models can be done by introducing the width
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for the model, and calculation of one-dimensional thermal resistance is based on this
width. However, other software (e.g. Sentarus TCAD) do not give the user the ability
to modify this value and match the one-dimensional thermal resistance of the 2D
model with the 3D model by altering the depth.

In addition to the one-dimensional thermal resistance, the neglected third dimension
is the source of difference in thermal spreading of 2D and 3D GaN HEMTs models.
Figure 2.11 show the temperature profile and heat transfer streamlines in top view of
3D and 2D models for the device operation at power density of 5 W/mm. As shown
in the Figure 2.11, in the 3D modeling streamlines change in the y-direction and
causes higher spreading thermal resistances in comparison to the equvalant 2D
model. In addition to the spreading thermal resistance, there is significant difference

in one-dimensional thermal resistance of 2D and 3D models.
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Figure 2.11 Temperature profile and heat transfer streamlines in top view of 3D and equivalent 2D

models for device operating at power density of 5 W/mm.
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Figure 2.12 Temperature profile comparison of 3D and 2D models at power density of 5 W/mm

In order to visualize the one-dimensional thermal resistance effects in 2D and 3D
model, Figure 2.12 is provided, which is the temperature distribution on the top
surface of the GaN HEMT. As it can be seen in Figure 2.12, 2D model with smaller
cross sectional area have higher one-dimensional thermal resistance than 2D models.
Thus, overall temperature profile is moved up in comparison to the 3D model. As
shown in the Figure 2.12, the highest temperatures in the 3D models occurs at the y
= 0 surface. This implies that hotspot temperature evaluation can be done by correct

calibration of the temperature profiles in 2D models.

Quantitative comparison of the results of 2D and 3D models is limited in the
literature. For further investigation and for the better insight, analytical approach
seems necessary. Thus, next chapters cover the analytical characterization of the

thermal performance of GaN HEMTSs.

2.6 Conclusions
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This chapter examines different approaches in thermal simulation of AlGaN/GaN

HEMT devices to identify the most important parameters influencing the device

thermal behavior. Device modeling comparisons, leads us to the following

conclusions:

HEMTs generate heat in volumetric regions; however, there is no concise
information about the size of heat generation height. This make researchers
to use surface heat flux in thermal models which showed to have higher
spreading thermal resistance than the heat generation from volume in pinch-
off bias condition, up to 16%. This increase is due to the dissipation of heat
from smaller area than the volumetric heat source models. However, in open
gate consideration since the length of heat generation is significantly larger
than its height, assuming surface heat flux does not alter the accuracy of the
model.

Thermal models should consider the most intense biasing case in which the
device is going to operate. Increased spreading thermal resistance in closed
gate conditions diminish the necessity of modeling device in open gate
channel. In the absence of electro-thermal heat generation data, 50 nm critical
size can be used in thermal models, since this value is the lowest reported in
literature. However, for more precise modeling an electro thermal simulation
is required to find the heat generation distribution size in its desired bias
condition. Later based on this size, uniform heat generation assumption can

be done in pure thermal models without need for importing data.

Thin material layers and TBR located close to heat source and on the path of
heat removal (i.e. substrate side) cause significant changes in thermal
behavior of the device (up to 10%) by increasing spreading thermal resistance,
however thin material layers in other regions (AlGaN, passivation) can be

neglected without accuracy loss in usual power densities.
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e Heat dissipation by radiation and natural convection from these devices are

negligible at general operating power densities.

e Among all, thermal conductivity of GaN and substrate showed dominant
effects on the thermal behavior of the device. Correct implementation of their
temperature dependent thermal conductivities is important for reliable

modeling.

e 2D simulation results found to be inaccurate when compared to 3D
simulations. On the other hand, 2D models are preferred due to excessive
computational cost of 3D simulations. Thus, a correction technique has to be

implemented to 2D models if 2D models will be used for device modeling.

With these conclusions, a roadmap is obtained for the next thermal models of
AlGaN/GaN HEMT devices.
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CHAPTER 3

ANALYTICAL METHOD

Accurate numerical thermal analysis of GaN HEMTs can be expensive and time-
consuming. Analytical method can be used for efficient modeling of GaN HEMTS,
especially considering the small heat generation sizes. This chapter is aimed to gather
all the necessary equations from different resources for the simplest analytical
characterization of die-on-package structure. Package is one of the necessary parts of
GaN HEMTSs that have been neglected in the previous analytical characterization
attempts of GaN HEMTSs, and for the first time die-on-package structure is modeled
analytically. Based on the analytical modeling of this chapter we can
comprehensively investigate the difference of 2D and 3D models (Chapter 4) and do
a full parametric study on these devices (Chapter 5).

To characterize heat conduction from the heat source to a heat sink in a solid body,
one should be able to characterize spreading and one-dimensional conduction. One-
dimensional conduction is a rather simple concept, which is the uniform heat
diffusion all over the channel. Spreading or multidimensional conduction, on the
other hand, needs complex analytical formulations that depends on the size of the
heat source and composition of the channel. Additionally, analytical characterization
of die-on-package structure needs separate formulation of one-dimensional and
spreading diffusion in the die and in the package.

To characterize spreading effects on the die, analysis of the GaN-on-substrate
structure is sufficient. We have realized that almost the entire heat spreading in the
die is because of thermal resistance of the GaN-on-Substrate structure. This issue is
also reported in [77] where the spreading effects found to be diminished after the first
100 pum from the top of the HEMTs. This 100 um covers the GaN, substrate and TBR

between them. However, one-dimensional thermal resistance of all layers, including
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the package and epoxy must be considered in the evaluations. Analytical modeling
of thermal conduction in the package is simpler than the die since it only includes
single layer. It should be mentioned that the presented analytical characterizations are
based on the evaluation of thermal resistance, which makes the thermal
characterization of device independent from the amount of heat generation. The
necessary geometrical parameters for the analytical characterization of GaN HEMTSs

and method is given next.

3.1 Geometry Parameters

Figure 3.1 shows the important geometrical parameters (a, b, c, d, e, f, Xc, Ye, tcan,
tsub, Tepo, and Tpac), and fabrication parameters (TBRe, Kcan, Ksub, Kepo, and Kpac) in
a 2-finger HEMT device model, necessary for analytical characterization. Studied
values of geometrical parameters shown in Figure 3.1(b) and Figure 3.1(a) are in
correspondence with the previous model represented in Figure 2.1 for validation
purposes. Here, a = 100 um and b = 200 um describe the size of the die, f =2 mm
and e = 2 mm describe the size of the package, and xc = 15.225 um and yc = 25 um
mark position of the heat source, and ¢ = 50 nm and d = 50 um identify the size of
the heat source. In 2D modeling the package and die have the same length as the 50
pm long heat source (i.e. d =b =f =50 um).
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Figure 3.1 (a) Device, (b) top, and (c) side views of the simplified device geometry used to evaluate

the thermal resistances.
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Figure 3.2(b) shows the top view of the multi-finger device geometry. In multi-finger
devices, fingers are aligned in the x-direction. Index numbers of each finger is shown
in the Figure 3.2(b). Index 1 fingers are centered in the die and are the hottest fingers
in the device and index numbers increase as fingers are positioned away from the
center of the die. With this numbering method, only the value of x. is changing for
each finger and we can define a new positioning parameter for each finger by
introducing Xc,i, which is the distance of index i finger from the origin of x-axis. Using
influence coefficient method introduced in [107] we can characterize the thermal
resistance of index 1 fingers in the device. Thermal resistance of index 1 fingers are
important since they are the hottest fingers. Thus, only the analytical characterization

of index 1 fingers are presented here.
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Figure 3.2 Illustration of (a) two-finger and (b) multi-finger device modeling. (c) 3D Schematic of

the heterostructure.
3.2 Formulation
In a conduction channel with a small heat source as presented in Figure 3.1

surrounded by adiabatic boundaries, total thermal resistance (Rt) is composed of two

different thermal resistances as shown in equation 3.1: one-dimensional resistance

43



(Rip) and a spreading resistance (Rs). Spreading resistance vanishes as the source

area approaches the substrate area.
Ry +Rp =Ry (3.1)

Total thermal resistance of index 1 fingers in multi-finger device (Rwt1) can be found

by equation 3.2:

n RS.i +izzn I:\)1D,i = i Rs,i + anD = Rtot,l (3.2)

i=1 i=

in which n is the number of fingers and Riot,1 is the total thermal resistance of index 1
fingers. Rsiand Rup,iare the spreading and one-dimensional thermal resistance effect
of each finger on the index 1 fingers, respectively. Rip,i has unique value and does
not change for each finger (Rip = Ruip,i) as presented in equation 3.3 as:

t, TBR t
R, = L4 +—F (3.3)
° z kj ADie ADie kPac APac

in which tjand k;j are thickness and thermal conductivity of layers in the die and tpac
and kpac are the thickness and thermal conductivity of layers in the package
respectively. Adgie = a X b and Apac = € x f are the cross sectional areas of die and
package, respectively. a, b, e, and f are the die and package sizes shown in Figure
3.1(c). Lastly, TBR is the value of TBRef+.

In multiscale analysis of HEMTs, where the die is mounted on the package spreading
thermal resistance (Rs) is composed of two different spreading phenomena in the
device as given in equation 3.4: First, spreading from heat source to the die (Rs, pie)
which ends at the middle of the substrate and approximately uniform heat flux reaches
to the package. Second, spreading from the die to the package (Rspac).
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+R (3.4)

s = Rspie T R pac
As mentioned before, spreading resistance of the die, Rspie, IS important in the first
100 um from the top [77], epoxy layer can be ignored and the main spreading regions
in the die can be considered as GaN and the substrate layers. Equations provided in
[75] to evaluate thermal spreading resistance in compound orthotropic systems with
interfacial resistance can be used to evaluate thermal spreading resistance in the die:

el cos(4,, x.)sin(0.54,.c)
Rs,Die = 22 Aﬂ ﬂ, C
=1 m
< . €0s(d,Y.)sin(0.50.d
n=1 n
2 & cos(4, x.)sin(0.54_c)cos(d,y,)sin(0.55,d)
A0 A, Acod
m=1 n=1 m n

Here X, Y, C, and d are the geometrical parameters shown in the Figure 3.1 and Am,

An, and Amn can be calculated as [75]:

_4cos(4, x,)sin(0.54,c)

3.6
abek ¢ gan Aap(Ar) 59)
4cos(o sin(0.56 ¢
An — ( nyc) 2( n ) (37)
abdkeff ,GaN 5n ¢(§n )
16cos(A . x.)sin(0.54_c)cos(J, sin(0.54_d
A 1600504, X,)Sin(0.52,)c08(3, ,)sin(0.54,) (38

abcd keff GaN ﬂm 5nﬂmn¢(ﬁmn )

where 8n = nn/b, Am = mm/a, and Bmn = (8n% + Am?)%° are the eigenvalues. When
anisotropic thermal conductivity is used in thermal models effective thermal

conductivity should be used in evaluations as [75]:
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kar =Ko -k, -k, (3.9)

in which Ker, kx, ky, and k, are the effective thermal conductivity, thermal
conductivities in x-direction, y-direction, and z-direction, respectively. Finally, &(§)

is the spreading function specific to perfect heat sink models given as [72]:

THTBR £k 17 (Etgy )+ tan (et ) N,

GE ———a (3.10)
TBR- gkeff ,GaN + kGaN tanh(gtsub) + tanh(gteaN )

Sub

By using the above equations, spreading thermal resistance of 2-finger devices can
be characterized. However, in multi-finger devices as presented by equation 3.2
thermal spreading burden of each finger on index 1 finger should be characterized.
This can be done by using the influence coefficient method introduced first in [107].
Thus, we can characterize the thermal resistance burden of each index i finger on the

first finger by finding Rs die,i:

© cos(4,, X.,)sin(cd /4)
Rs,die,i = 22 Aﬂ,i /}L c
m=1 m

d cos(s.d /2)sin(6.d /2
n=1 n

+ 42 Z Aﬂn,i
m=1 n=1

cos(4,, X, ,)sin(4 c/2)cos(o,d / 2)sin(o,d / 2)
A,Co.d

In which and Am,i, An, and Amn,; are calculated as:

4cos(4, X ;)sin(4,c/2
Ani = U Xo1) > ( ) (3.12)
abCkGaN X’m¢(ﬂ“m )
A= 16cos(4, X ;)sin(4,c/2)cos(o,d / 2)sin(4,d / 2) (3.13)

abcdkg A6, B, #(B.)
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In which the xc;, is the distance of index i finger from the origin of x-axis as shown

in Figure 3.2.

Next, spreading thermal resistance of the package should be characterized. we can

evaluate this value using equations introduced in [74]:

_ 1 isin (a5m)_¢(5m)

s,Pac 2 3
2a fekeﬁ‘Pac O

1 = sin’(bA.)
+ LT
2b2 fekeff,Pac mzzl ﬂ“na ¢( ”)

(3.14)

1 = & sin®(ad, )sin®(bA)
+ m n/ .
a2b2 fekeff,Pac mzzlé 5m2ﬂ“n2ﬁmn ¢('Bm”)

where Keffpac IS the effective thermal conductivity of the package, which can be
evaluated using equation 3.9. Since the heat sink is kept in constant temperature,
spreading function can be evaluated using [75]:

#(&) = coth(Styy poc) (3.15)

A MatLab code is developed to evaluate the of thermal resistances with 17 inputs and
4 outputs: spreading and one-dimensional thermal resistance of the die and the
package. In multi-finger die, thermal resistance effect of each finger on the index 1
fingers is also calculated and summed to get the total thermal resistance.

3.3 Conclusions

Relatively high number of terms are needed in the Fourier series summation for
correct evaluation of the spreading thermal resistance. In the studied cases, more than
10* terms are used for correct converged values. This value is 108 in double Fourier

series summation, which required careful coding for fast and efficient evaluations.
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Over all, the analytical calculations are significantly faster than 3D numerical models,

but not as fast as 2D numerical models.

Table 3-1 presents the thermal resistance comparison of introduced device in section
3.1 between analytical and numerical method. One-dimensional thermal resistances
values match perfectly in numerical and analytical evaluations; however, slight
differences can be seen in spreading thermal resistance values. These differences can
stem from number of the summations in analytical method or numerical inaccuracies.
Overall, analytical method proposes acceptable accuracy in thermal resistance
calculation of GaN HEMTS.

Table 3-1 Comparison of analytical and numerical thermal resistance.

Method Rs pie Rs pac R1p,pie Rip,pac Ry
Numerical 83.6 6.8 12.35 1.32 104.1
Analytical 82.2 6.9 12.35 1.32 103.8

Analytical thermal modeling is useful tool for examining the problems of numerical
models. Difference of 2D and 3D thermal models can be characterized carefully using
analytical approach introduced in this chapter. Furthermore, we can calibrate 2D
models to the 3D models using analytical method. Thus, based on the above analytical
approach a calibration technique can be introduced for correct 2D numerical models
(Chapter 4).

Additionally, full parametric thermal characterization of the device can be done based
on the presented analytical method. Parametric studies in numerical models of GaN
HEMTSs needs re-meshing in each case of geometry change, which can take days of
calculations and significant physical memory equipment as stated in [108]. Each
parameter can be changed continuously or discreetly for the optimization or
comparison purposes using analytical method. Chapter 5 presents a full parametric
study in GaN HEMTSs about a substrate selection, based on the analytical evaluations
of this chapter.
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CHAPTER 4

ANALYTICAL METHOD AS A CALIBRATION TOOL

In chapter two, it was shown that Joule heating in GaN HEMTSs occurs in very small
regions. Furthermore, it was shown that accurate thermal modeling of these regions
requires excessive fine meshing. High mesh density near the heat generation regions
and proper growth of the mesh to other parts of the device demands several millions
of elements for 3D modeling. Although 2D modeling is an alternative way to reduce
such computational costs. However, it was shown that, neglecting the third
dimensions results in unreliable outcomes. The main reason for this unreliability is
the difference in spreading and one-dimensional thermal resistances of the 2D models
when compared to 3D models. The spreading thermal resistance in 3D models occurs
along three directions, while in 2D models it occurs only along two directions.
Additionally, there is difference in one-dimensional thermal resistance of these

models that stems from difference in cross sectional area of 2D and 3D models.

Thus, accuracy enhancement is required if one choses to exploit the efficiency of
numerical 2D models. To the best of our knowledge, d'Alessandro et al. [88] is the
only researcher who has covered this topic. In order to modify 2D model he proposed
a calibration technique that changes the layer thicknesses of the 2D model. Although
this technique is inspiring, it cannot be used for the cases where the amount of layer
thickness reduction surpasses the available thickness of the layers. Thus, an

alternative method has to be developed to model devices accurately using 2D models.

In this chapter, the analytical formulation presented in the third chapter is used first
for the comparison of 2D and 3D thermal models, and later for more robust and
general calibration method of numerical 2D models. Lastly, this technique is applied

to calibrate numerical 2D models and examined with 3D models for the accuracy test.
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4.1 Calibration for 2D Models

In order to compare the difference between 3D and 2D models spreading (Rs), total
thermal resistance (Rt) of the device are summarized in Table 4-1.

Table 4-1 Comparison of spreading and total thermal resistance [K/W] of 2D and 3D models.

3D 2D
Method
etho Rs,Die Rs,Pac RT Rs,Die Rs,Pac RT
Analytical 82.2 6.9 103.8 | 79.4 33.1 188.3

According to the results, spreading thermal resistance of die in 2D models are slightly
less than 3D models, which indicates that most of the spreading occurs in the x-
direction. This issue helped d'Alessandro et al. [88] to actually calibrate 2D model
without altering its spreading thermal resistance. However, as the heat source length
increases (c in Figure 3.1), the spreading thermal resistance in the y-direction
becomes comparable to the spreading in the x-direction. As a result of this 2D and
3D models can have different spreading thermal resistances. This issue is also
observed in the package where spreading thermal resistance are significantly different
in 2D and 3D models. Thus, the correction method of d'Alessandro can give wrong

results when extremely narrow (c << d) heat generation is not considered.

Spreading thermal resistance in the package is approximately 10 times less than the
spreading thermal resistance in the die, because heat spreads from much smaller area
in the die. However, thermal resistance of the package is considerable and necessary

for the correct evaluation of the hotspot temperature.

4.2 Correction Method

As mentioned in the third chapter (Figure 3.1), b and f are the only parameters that
change the value of one-dimensional thermal resistance of the 2D and 3D models.
Unlike one-dimensional thermal resistance, spreading thermal resistances of 2D and
3D models cannot be predicted simply, since these are functions of several

parameters. Examining thermal resistance of the die and packages (presented in Table
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4-1) indicates that the spreading thermal resistances of the die are nearly same since
the thermal resistance in the y-direction is low in the 3D model. However spreading

thermal resistance difference between 2D and 3D models is larger in the package.

To calibrate the total thermal resistance of the die and match the temperature profiles
obtained by 2D to 3D model, total thermal resistance of the die should be matched
without altering the spreading thermal resistance. The only possible way for this
purpose is cutting from the geometry of the device to reduce thermal resistance of 2D
model as d'Alessandro et al. [88] did. However, we mentioned before that spreading
thermal resistance ends at 100 um from top, thus for the case with a substrate
thickness smaller than 100 um, thinning the substrate is equivalent to changing the
spreading thermal resistance. Thus, this method cannot be used in small dies, or as
mentioned previously, when there is a package. Additionally, when the difference of
b and d increases further, one can run out of height reduction. Thus, the only possible
way to calibration of the 2D models is altering the thermal conductivity of the layers.
However, as given in equation 3.9, changing the isotropic values of thermal
conductivities result in change in both one-dimensional and spreading thermal
resistance values. Thus, the two-step correction method presented herein aims to
change the one-dimensional thermal resistance first, and modify the spreading
thermal resistances later. The flowchart of correction technique is presented in Figure
4.1.
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The correction method concludes two steps, at the first step the correction method
aims at matching the one-dimensional thermal resistance of the device by multiplying
the thermal conductivity of all the material in the z-direction by the first correction
factor Cs. Since there are two major resistance blocks, die and package, for each of
these blocks specific correction should be introduced. Thus, first correction factors
for the die (Cy1pie) and for the package (Cuipac) can be found by finding the ratio of
their one-dimensional thermal resistance given in Equation 3.3. Thus, we can have:

C,.. = bl/d (4.1)

1,Die

C. =f/d (4.2)

1,Pac

It should be noted that since TBR acts as resistive and not conductive layer, its value
should be divided by the first correction factor of the die. After applying these
corrections to the 2D model, the new spreading thermal resistance of the 2D models

should be evaluated to move on to the second step.

In the second step, it is aimed to match the spreading thermal resistances of 3D model
and the 2D model with modified thermal conductivity in z-direction. Since it is
known that thermal spreading resistance of the die, Rs pie, iS important in the first 100
pm from the top [77], epoxy layer can be ignored and the main spreading regions in
the die can be considered as GaN and the substrate layers. By finding the ratio of
spreading thermal resistances in 2D and 3D models and its dependence on the lateral
thermal conductivities a new correction factor can be found. By having the values of
the spreading thermal resistance a new correction factor for the lateral thermal
conductivity of the die, C2 pie can be evaluated as:

RZ..
RSZ,DIesz (43)

s,Die-3D

Cz,Die =
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where Rspie-2p IS Spreading thermal resistance of the die in the 2D model and Rs,pie-
3p IS spreading thermal resistance of the die in 3D model. The reason for squared
ratios on equation 4.3 is that, the effect of this correction factor is rooted in the process
of changing spreading thermal resistance. This fact can be seen in equation 3.9, where
lateral thermal conductivity is under radical sign. Our calculations shows that due to
relatively low thickness of the GaN layer, this correction factor should also be applied
to the substrate layer (which is one of the dominant resistive layer in the die) to change
the spreading resistance of the die to achieve desired results.

A similar procedure is used to introduce the correction factor for the package in the

2D model where we have:

RZ
RSZ, Pac-2D (44)

s,Pac-3D

CZ,Pac =

This correction method can be extended for variable thermal conductivity models
with Kirchoff's transformation [109]. In addition, superposition techniques [72] can
be used in case of multiple-finger design. The flowchart of correction technique is

presented in Figure 4.2.

The process of calibration can be explained by presenting the schematic temperature
profile along the x-axis as shown Figure 4.2. As we can see at first as presented in
Figure 4.2(a), there is a significant difference between 2D and 3D models. After
matching the one-dimensional thermal resistance of the device, spreading thermal
resistance of the 2D models drop as shown in Figure 4.2(b). Later, as shown in Figure
4.2(c) by increasing the spreading thermal resistance of the 2D model in the next step

we can achieve a satisfying calibration of 2D to 3D model.
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(a) Comparison of emperature profiles of (b) Matching the one dimensional thermal (c) Matching the spreading thermal
2D and 3D models without correction reistance at the first step resistance at the second step
A s 2D Modlel A s 2 D Modle] A s 21) Modlel
== =2]) Modified == =)D Modified === 2D Modified
= 3D Model s 3 1) Modlel 3D Model

Temperature
Temperature
Temperature

e —

> >
X X

Figure 4.2 Schematic preview of temperature profile along x-axis comparison of (a) 2D and 3D

models. Temperature profile change of modified 2D model is illustrated in (b) and (c).

In order to test the calibration method, 2D model presented in the Figure 3.1 is
calibrated with heat source size of 50 nm and 2 um. Table 4-2 represents the modified
thermal resistances and correction factor values. As shown in the Table 4-2 in the
first step, one-dimensional thermal resistance of 2D models matched perfectly to 3D
models. At the second step with the correction of lateral thermal conductivities,
spreading thermal resistances of models are matched to the 3D models. After
applying these correction factors to the 2D model total thermal resistances are

matched satisfyingly to the 3D models with 5% error.

Table 4-2 Spreading and one-dimensional thermal resistance of studied devices obtained by 3D

numerical and analytically calibrated 2D numerical approaches. [K/W]

50 nm Heat Source 2 pm Heat Source Model

2D (1 Step) 2D (2™ Step) 3D 2D (1% Step) 2D (2 Step) 3D

Cl,Die =4 Cz,Die = 0.208 _ Cl,Die =4 Cz,Die = 0.173 _

C1,pac =20 Czypac = 0.700 C1,pac =20 Czypac = 0.700
Rs pie 38.2 79.0 83.6 17.9 39.1 44.46
Rs pac 5.7 6.5 6.8 5.7 6.5 6.8
R1p,pie 12.3 12.3 12.3 12.3 12.3 12.3
Rip pac 1.3 1.3 1.3 1.3 1.3 1.3
Rrotal 57.5 99.1 104.0 37.2 59.2 64.8

Figure 4.3 compares the temperature distribution obtained using 3D and modified 2D
numerical models for the device operated at a power density of 5 W/mm. As shown
in both figures, modified 2D models act similar to the 3D models in the evaluation of
hotspot temperatures. However, temperatures decrease much faster in modified 2D

models moving away from the hotspot. Figure 4.3 proves that, despite these minor

55



200.0
180 180.0
160 160.0
140 § 140.0
120@ 120.0
100 £ 100.0
80 o 80.00
60 & 60.00
40 7B 40.00

20.00
0.000

200
180 200.0
180.0
160__]
140 § 160.0
=]
120 § 140.0
100 % 120.0
20 ;’? 100.0
g 2 80.00
= 60.00
40
40.00
20
20.00
ol 0.000

(b) 2 um Heat Flux

Figure 4.3 Temperature distribution along spreading layers of the device at power density of 5
W/mm on the x-z surface passing from middle of the device in (a) device with 50 nm heat source

and (b) 2 um heat source.
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Figure 4.4. Temperature profile along x-axis of the device at power density of 5 W/mm in (a) device

with 50 nm heat source and (b) 2 um heat source.

differences one can have good approximation of 3D models using simulations while

maintaining the accuracy of temperature characterization of HEMT device.
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For further examination of the temperature behavior of the device along the x-axis,
Figure 4.4 is prepared which compares the temperature behavior of the 2D, 2D
modified and 3D models in relatively large power density of 5 W/mm. Although
exact match of temperature profiles was not achieved, however this improvement
seems sufficient for the calibration of electro thermal modeling, or for the process of

2D numerical optimization.

4.3 Conclusions

Necessity of computational efficiency in numerical thermal models of HEMTs have
limited many researchers to adaption of 2D approaches, despite numerous inaccuracy
reports. In order to improve the inaccurate results of 2D thermal models, a novel
computationally efficient calibration method is presented. This analytical calibration
process is based on the analysis of thermal resistance of GaN HEMTs in 2D and 3D
geometries. Thermal conductivity modification found to be a robust and practical
calibration tool that can cover the weaknesses of previous calibration methods. Using
this technique one can calibrate the 2D models and match the temperature predictions
to the 3D models. Test results showed satisfying accuracy with significant reduction
in computation time compared to 3D numerical models. Thus, by applying this
calibration method on a 2D numerical model one can achieve both accuracy and

efficiency.

The importance of this calibration method is more highlighted in numerical electro
thermal simulations. Since this method alters only the thermal conductivity of the
model, it does not interfere with other physics of the device. It is believed that
applying this calibration on electro thermal simulations of GaN HEMTSs can results

in more accurate Joule heating evaluation.
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CHAPTER 5

ANALYTICAL METHOD FOR SUBSTRATE SELECTION

5.1 Diamond and SiC Substrates

Using substrate with high thermal conductivity in order to reduce the thermal
resistance and channel temperature rise is among the successful thermal management
approaches in thermal engineering of HEMTs. It was shown that when diamond
substrate are used, compared to more mature SiC technology [31], about 25%
reduction in channel temperature rise was achieved. Similar comparison studies can
be found in literature where thermal performance of HEMTs with SiC and diamond
substrates were compared [110-113]. These comparison studied generally focus on a
specific type of device and performance. It was observed that variety of geometrical
parameters, operation condition, and properties of the materials also has caused
differences in the reported results of thermal characterizations. Thus, there is a need
for a comprehensive parametric comparison study of diamond and SiC substrate
technology.

In addition to the device geometry and operation condition, intrinsic properties of
HEMTSs such as different values of effective thermal boundary resistance (TBRe)
should be accounted. The value of this important parameter can be different
depending on the variety of fabrication technique. Generally, it is believed that to
take the full advantage of the thermal conductivity of the substrate, low TBRe¢ should
be achieved. Unfortunately TBRetr of GaN-on-diamond structure has not been
thoroughly studied, and benchmarked data is not available in literature [85]. At its
lowest, TBRess of 3-10° m?K/W [114, 115] is reported for diamond substrate HEMTs.
However, lower TBRess value of 1.2-10°® m?K/W was also achieved by decreasing the
nucleation layer thickness [116]. GaN-on-SiC, on the other hand, is a more mature

technology in high power applications [117]. Prior benchmark studies report TBRes
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of 2-10 m?K/W in latest commercial devices of this technology [118, 119]. Besides,
with the epitaxial growth significantly lower TBRe in range of (0.4-0.5)-108 m?K/W
was achieved for GaN-on-SiC structure [120]. It should be noted that significant
temperature variations can be observed with small variations of TBR, and reducing

it is one of the major research areas in thermal management of HEMTS.

It is also widely reported that to utilize the maximum capability of higher thermal
conductivity of substrate (e.g. diamond), substrate should be located very near to the
2-DEG. However, we believe that the later statement is not always true. If thin GaN
layer is utilized in the device, depending on the value of TBResf, premature thermal
spreading can collide to this thermal barrier, which can result in increase of the
thermal resistance. In other words, using thinner GaN layer is not always desired. It
should be mentioned that to reach a desired quality of GaN film, typical thickness of

0.5-2 um are used to be grown both on SiC and diamond substrate HEMTS.

In state of the art devices, GaN-on-SiC technology cannot compete with lower
thermal resistance of GaN-on-diamond. Silicon Carbide, the standard substrate
material for high power HEMTs, has thermal conductivity of ~450 W/(mK) which is
reported not enough to exploit the wide band gap capacity of GaN [121]. Poly crystal
diamond (PCD) with ~1.5 times, and single crystal diamond (SCD) with ~ 3 times
higher thermal conductivity have shown noticeable thermal improvements in
HEMTSs. Then again, it should be mentioned that using high quality diamond as a
substrate is an expensive fabrication technique. Thermal conductivity of PCD 620 +
50 W/(mK) [116] can vary the from value of thermal conductivity of SCD (1500 +
300 W/(mK)) to thermal insulation limits, depending on the quality and grain
structure [122]. In addition, anisotropic behavior and reduction of thermal

conductivity in nucleation sites [123] have been reported.

With above discussion one can realize that broad varieties exist in properties of used
substrates. These variations bring necessity to compare GaN-on-SiC with other
higher thermal conductivity substrates in more comprehensive examinations.

Generally, varieties exist in horizontal and vertical geometrical parameters of the
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HEMTSs and also in their material, TBRest, and heat generation properties. This
extensive variation in the device properties made us to compare GaN-on-SiC with
GaN-on-PCD and SCD, not only in the variety of possible fabrication and function
properties , but also in different dies sizes, which is missing in the literature. For this
purpose due to requirement for analyze of device parameters in discrete or continuous

parametric values, analytical approach of third chapter is used.

5.2 Approach and Device Geometry

The geometry of the device is obtained from the previous chapter as shown in Figure
5.1. Since most of the temperature rise and the thermal resistance of the device occur
in the GaN and the substrate layer this chapter will be limited to thermal
characterization of the GaN and its substrate only. Figure 5.1(c) shows the 2-finger
device used for thermal performance comparison. Due to symmetry of the geometry
and boundary conditions (as shown in the Figure 3.1(a)) only quarter of the device as
shown in the Figure 5.1(c) is modeled. Analytical method for evaluation of spreading

- M ﬂ --Symmetry

E Heat Generation

(b) (c) Channel

Figure 5.1 Quarter of the GaN-on-substrate studied herein. Heat generation region with size of ¢ x d
is positioned with guide of X on the heat transfer channel with size of a x b. tgan and tsu shows the
thickness of the GaN and substrate layer, respectively. Effective TBR is also set between GaN and

substrate.
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and one-dimensional thermal resistance of the device is presented in the third chapter.

As it can be seen from Figure 5.1 there are 9 important parameters that can change
the thermal performance of GaN-on-Substrate structure. These parameters include
horizontal (a, b, ¢, d, xc) and vertical parameters (Ksub, tcan, tsub, TBReff). A parametric
study is performed by varying these parameters in a 2-finger GaN HEMT
consideration. Later, effect of multi-finger design is studied by increasing the number
of fingers from two to twenty. Study schedule of this chapter is presented in Table 5-

1 and value of studied parameters are provided.

Table 5-1 Values of studied parameters and study plan

Total Ksubstrate a b C d Xe tean tsub TBReft
Study . ota (Mm?K/W
Finger #) (W/(mK)) ~ (um)  (um)  (m)  (um) (um)  (um) (um) x10%)

1 2 450'1652000’ 100-400: 100-400: 50-500¢ 25-75 30 1 100 2
450, 620,

2 2 1500 100 100 50 50 30{ 0.5-2 100 1-5
450, 620,

3 2 1500 400 100 50 50 10-200 1 100 2

4 2-20 450'1652000’ 400 100 50 50{ 10-60 1 100 2

5.3 Die and Heat Source Size

In the first study thermal performance of GaN-on-SiC, PCD, and SCD are compared
by changing the horizontal dimensions (a, b, c, d) of 2-finger device (study 1 in Table
5-1). Die size (2a x 2Db) is varied from 200 um to 800 um to capture its effect on the
thermal resistance of the device. The heat generation region also changes in this part.
Three gate widths (2 x d) of 50, 100, and 150 pum are studied. Since there is no
universal rule in modeling the critical size of heat generation area, heat flux length
(c) of 50, 300, and 500 nm are considered (heat generation length depends on device
structure and operating condition, however we have tried to include the most intense
cases beside more common conditions). Finger spacing (2 x Xc) of 60 um is a typical
value in GaN HEMT fabrication, this value is kept constant throughout this part. In
addition, same
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Figure 5.2 Variation of (a) spreading and (b) one-dimensional thermal resistance of GaN-on-SiC,
PCD, and SCD with change in the die size in gate width of 200 um and heat flux critical size of 50

nm. Refer to Table 1 for the other properties of the device in the first step.
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thickness of GaN, substrate and equal effective TBR are used in this study. Table 5-

1 shows the values of these parameters in the first step.

Figure 5.2, which presents spreading and one-dimensional thermal resistance,
separately for the GaN-on-SiC, PCD, and SCD in various die sizes, indicating the
dominancy of spreading thermal resistance over one-dimensional thermal resistance.
The ratio of spreading to one-dimensional thermal resistance is more than 10 in the
die size of 200 um, while this ratio is more than 200 in the die size of 800 um. In
addition, spreading and one-dimensional thermal resistances act constant for dies
with higher cross sectional areas, and a small variations in value of thermal
resistances is seen for dies bigger than 400 um. However, in same ratio of die size
change, we observe steeper variation in the value one-dimensional thermal resistance,
which stems from the hyperbolic relation between the one-dimensional thermal
resistances with the area of the die. After the evaluation of spreading and one-
dimensional thermal resistance, their values are added together to evaluate total
thermal resistance of the device. For clarity, two sets of figures are prepared to study
the variation of total thermal resistance of the devices with respect to the cross
sectional area of the die; Figure 5.3, when gate width is kept constant and heat
generation region is variable, and Figure 5.4, when gate width is changing in constant
critical heat generation region.

Figure 5.3 shows the total thermal resistance variation in different die sizes in typical
gate width of 100 um and 3 different heat flux regions. For the dies with size of more
than400 pm x 400 um a plateau is observed, and thermal resistance showed no
significant changes with respect to the area. This means that using bigger die sizes
than this value impose cost premiums in production with no significant reduction in
the thermal resistance of the device. As shown in the Figure 5.3, thermal resistance
behavior and also the ratio of thermal resistance between GaN-on-SiC, PCD, and
SCD in same gate width and different conditions (i.e. 50nm, 300nm, and 500nm)
obey almost same pattern and ratios. In other words, it is sufficient to compare

thermal behavior of HEMTSs with different substrates in just one electrical operational
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Figure 5.3 Variation of total thermal resistance of GaN-on-SiC, PCD, and SCD with change in the
die size in gate width of ()50 pm, (b) 100 um, and (c) 150 um and heat flux critical size of 50 nm.
Refer to Table 1 for the other properties of the device in the step one.
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Figure 5.4 Variation of total thermal resistance of GaN-on-SiC, PCD, and SCD with change in the
die size in gate width of 100 um and heat flux critical size of (a) 50 nm, (b) 300nm, and (c) 500nm.

Refer to Table 1 for the other properties of the device in the step one.
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conditions, for instance, ratio of thermal resistance of GaN-on-SiC to GaN-on-

diamond is almost similar in different near pinch-off conditions.

Furthermore, differences of thermal resistance in different gate widths are studied.
As shown in Figure 5.4, having smaller gate width imposes higher spreading thermal
resistance to the device. Same reduction ratio in gate width causes almost equal
increase ratio in the thermal resistance of the device. In other words, from gate width
of 150 um to 50 um nearly 3 times increase in value of total thermal resistance can
be seen. In addition, benefit of using high thermal conductivity substrates like SCD
is more highlighted in smaller gate widths, whereas in larger gate width we see
moderate difference between SiC and diamond substrates. It should be mentioned
that, different gate widths are used for different applications. Lower frequency
operation devices (C-band, wireless) uses longer gate widths, while millimeter-wave

devices implement smaller gate widths to reduce phase lag [124].

After evaluation of the total thermal resistance of the devices in various horizontal
variations, average total thermal resistance reduction of 5.4% and 13.8% are observed
when PCD and SCD is used instead of SiC substrate. Most of this reduction is due to
the reduction in one-dimensional thermal resistance. Thus the best thermal
enhancement is achieved for devices with higher one-dimensional thermal resistance
and lower spreading thermal resistance. In other words, its better to use diamond
substrates when die size is small (higher one-dimensional thermal resistance) and
gate width is longer (lower spreading resistance). For instance when the die size of
200 um with a 500 nm heat generation region at gate width of 150 um is studied,

thermal resistance reduction is 7.5% and 19% for PCD and SCD, respectively.

5.4 GaN Thickness and TBR

In the second study thermal performance of GaN-on-SiC, PCD, and SCD are
compared by changing the vertical parameters (tcan, and TBResf) of 2-finger device

(study 2 in Table 5-1). In this part, horizontal parameters are kept constant, and 50
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nm critical heat generation region is selected to compare the results in the most
intense heating condition. This size of heat flux region introduce higher thermal
resistance, and is the lowest reported heat generation critical size. Also smaller die
size in this case is chosen to magnify thermal resistance difference between devices

with different substrates (smaller die size cause higher thermal resistance).

Results of second step is specified to study of thermal behavior of the devices in
vertical variations; GaN thickness and TBReft. Figure 5.5 shows the variation of
thermal resistance in vertical parameter variations. GaN thickness together with
effect of TBResr are altered, to compare the difference of thermal behavior of SiC with
diamond substrates. Figure 5.5(a) on the right illustrates thermal resistance of GaN-
on-SiC while Figure 5.5(c) shows the thermal resistance of GaN-on-SCD. A
reduction in values of thermal resistance from left figure to the right one can be seen,
where thermal conductivity of substrate is increased (from SiC to PCD and SCD).
Figure 5.5 indicates importance of GaN thickness, TBRes, and their relations in
characterization of thermal resistance of the device, and we can see that benefit of

using diamond can be reduced significantly when higher TBRes exists in the device.

Thermal performance of GaN-on-SiC with GaN thickness of 2 um and TBRefs of 2
m2K/W (which is the current GaN-on-SiC commercial devices properties) is marked
in Figure 4.5 with horizontal black lines. The underperform region of GaN-on-PCD
and GaN-on-SCD is also highlighted in Figure 5.5(b) and (c), respectively. We define
underperform as the conditions in which current GaN-on-SiC technology offers better
thermal performance than GaN-on-diamond. It can be seen that underperform
condition in GaN-on-PCD is having TBRess of more than 3 m?K/W. Also GaN-on-
SCD underperforms when TBResr of more than 5 m?K/W exist in any GaN
thicknesses and 4 m?K/W in GaN thickness below. Above discussion highlights the
critical importance of TBRes in fabrication of GaN-on-diamond HEMTS, particularly
in GaN-on-SCD devices where strain relievers can be the major source of thermal

boundary resistance.
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Figure 5.5 Variation of total thermal resistance of GaN HEMT device grown on a)SiC, b)PCD, and
€)SCD with respect to the GaN thickness and effective thermal boundary resistance. Refer to Table 1

for the other properties of the device in second step.
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Based on the at the results in the Figure 5.5, it can be concluded that using GaN
thickness lower than 1 um cause steep increase in the values of thermal resistance,
particularly in higher TBReft. Previous researchers widely suggested that lower GaN
thicknesses should be used to bring high thermal conductivity substrates like diamond
as near as possible to the heat generation region. This suggestion is not only effective
in TBRes of more than 2 m2K/W, but also it cause significant increase in the value of
thermal resistance. When heat is not spread enough in GaN layer and meets with a
thermal barrier, spreading thermal resistance increases, which imposes more thermal
resistance to the device. There should be more concentration on this phenomena in
future studies, which we define it premature thermal spreading thermal in GaN layer.

As shown in Figure 5.5 for TBRes of 1 m2K/W we can see that the value of thermal
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Figure 5.6 Temperature distribution near the hotspot in similar devices at power density of 5 W/mm
in (@) 0.5 um and (b) 2 um GaN thickness consideration. Maximum temperature rise of 106.1 K and

90.9 K are predicted for the tgan = 0.5 pm and tean = 2 um, respectively.
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resistance first decrease by increasing the thickness of GaN layer until the premature
spreading ends, and then it starts to increase gradually. First reduction in the thermal
resistance is due to vanishing premature spreading in the GaN layer. The later
increase in the thermal resistance is due to increase in value of one-dimensional
thermal resistance of GaN layer by increasing thickness. Figure 5.6 that shows the
temperature distribution near the hotspot of the similar devices with 0.5 um and 2 um
GaN layer thicknesses is provided to show the premature spreading effects more
clearly in thin GaN consideration. As shown in the Figure 5.6, device with thinner

GaN has 16 K higher hotspot temperature in power density of 5 W/mm.

5.5 Gate Pitch and Multi Finger Design

In this section effect of finger spacing and number of fingers in thermal resistance of
the device and its effect in comparison of thermal behavior of different substrates is
studied. Since number of fingers in die length of 100 um is limited, die length of 400
pum is selected to be able to study 20-finger device and various gate pitches. The
properties of the devices in this part is also presented in Table 5-1. In third part, finger
spacing is changed from 20 um to the maximum spacing possible. In the last part, 2
to 20-finger devices are studied. Thermal resistance of two hottest fingers in middle
of device is characterized in this part, in order to compare it with value of thermal
resistance of two-finger device in previous cases. Different gate pitches are also
studied to study behavior of the device when we compare thermal behavior of GaN

on different substrates in different gate numbering and various gate pitches.

As finger spacing increases, the space for heat spreading also increases, thus a lower
thermal resistance can be achieved by this consideration. However, there is no
significant change in the total thermal resistance of the device after particular value
of finger spacing. Figure 5.7 demonstrates the effect of different finger spacing on
thermal resistance of two-finger device. Finger spacing from 20 um to 400 um are
studied and thermal resistance of device is evaluated in each case. It can be seen that
for finger spacing of 20 um to 80 um, thermal resistance drops abruptly and after that

a plateau can be seen and no significant reduction occurs. For typical finger spacing
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values (20 to 60 um) GaN-on-SiC technology is in range of thermal resistance of
GaN-on-PCD technology, and thermal behavior of GaN-on-SiC can be improved by
using higher gate pitches. However, thermal resistance of GaN-on-SCD is in
unreachable range.

78__ o ‘-—-_-_.—-—-—'—!78-27

71 l : 71.5

1 1 1
20 60 100 150 200 300 400
2x_ [um]

Figure 5.7 Effect of finger spacing on thermal resistance of 2-finger device. Note that there is a
symmetry around half of the die length (2x.=400), and the data is not presented for the higher finger

spacing than this value. Refer to Table I for the other properties of the device in third step.

Based on the electrical operation condition of neighboring fingers (size and amount
of generated heat) and their relative locations (gate pitch), each heat generation region
has its own effect on the middle fingers of the device (indexed with number 1 in
Figure 5.1(b)). Generally, near neighboring fingers have the most effect. Figure 5.8
shows the added thermal resistance to the first two-fingers (index 1) of the GaN-on-
SiC, PCD, and SCD in three different gate spacing of 20, 40, and 60 pum. The effect
of neighboring fingers in just one direction is presented due to symmetrical effects.
As shown in the Figure 5.8, second finger had the most added thermal resistance to
the device. However, comparing with GaN-on-SiC, this effect is three times smaller
in the GaN-on-SCD, while in GaN-on-PCD the reduction in the effects of
neighboring fingers are not significant. As illustrated in the Figure 5.8 as gate pitch

increases, the effect of neighboring fingers decrease.
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Figure 5.8 Thermal resistance burden of neighboring fingers on thermal resistance of first finger in

different finger spacing.

73



Figure 5.8 indicated that in small gate pitches, GaN-on-SCD is the best choice for
multi-finger HEMTs. In multi-finger devices, thermal resistance burden of each
neighboring finger to the middle fingers (as shown in Figure 5.8) is added to the
middle fingers. Consequently, in same power density, as the number of gates increase
temperature rise in the middle of the devices increases. Thus, SCD can withstand
more fingers with compact spacing without significant increase in the temperature

rise of middle fingers.

Results of comparison between 2-finger devices in different conditions showed that
there is no significant difference between GaN-on-SiC and GaN-on-diamond devices.
However, when number of fingers increased and more compact devices are
compared, high thermal conductivity of diamond presented its benefit. Table 5-2
shows the thermal resistance reduction percentage of GaN-on-PCD and SCD to the
GaN-on-SiC device. The values of thermal resistance reductions are almost doubled
in gate pitch of 20 um for 2-finger and 20-finger devices. In other words, benefit of
using diamond substrate is more highlighted in multi-finger devices. On the other
hand, this difference decrease as gate pitch increases, where the neighboring heat

generation region effects are reduce.

Table 5-2 Thermal resistance reduction percentage of the hottest finger in two and multi finger GaN

on PCD and SCD with different finger spacing in comparison with GaN-on-SiC. [%]
Finger ~ Finger  GaN-on-PCD GaN-on-SCD

Spacing  Number to to
[um] GaN-on-SiC [%] GaN-on-SiC [%]
20 2 5.3 135
20 9.5 24.3
2 4.9 12.7
30 20 76 19.6
2 4.7 12.2
40 20 122 16.9
2 4.6 11.9
50 20 5.9 15.2
2 4.5 11.6
60 20 5.5 14.0
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5.6 Conclusions

Based on the above arguments, we believe that a single improvement report cannot

be stated for the use of diamond substrates. Variety of important characteristics of

diamond, which just few of them are explored in this paper, should be considered in

the fabrication process, in order to develop better devices than mature GaN-on-SiC

technology. The key outcomes of this study can be briefly explained as:

Between horizontal parameters, gate width exhibited the most effect on the
thermal behavior of the device. However, since significant amount of heat
spreading occurs in the GaN layer, diamond substrate is not able to reduce
this dominant thermal resistance in the device. The reduction in the thermal
resistance by implementing diamond substrates, is mostly due to the reduction
of one-dimensional thermal resistance, not the spreading.

Between vertical parameters, TBRes is the most important one. Integration
process of GaN and diamond can impose unexpected thermal barrier to the
device which can obstruct the benefit of thermal conductivity of diamond. In
addition, having thin GaN layer is not always better depending on the value
of TBReft.

When compactness is not important, thermal behavior of the device can be
improved by reconsidering gate pitch values.

Diamond exhibited its benefit in compact multi finger devices. However, an
exact improvement report cannot be sated due to its dependency on the

number and spacing of the gates.

Scalability, value of the thermal conductivity, price, integration complexity, and

fabrication quality are just few of the important parameters that should be considered

in building GaN-on-diamond HEMTSs. Since the main reason of heat generation in

GaN HEMTSs is the spreading thermal resistance, we believe that GaN-on-SiC

HEMTs can be improved further by introducing high thermal conductivity
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passivation layers on top of the device, which provide more spreading area for the
heat.
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CHAPTER 6

CONCLUDING REMARKS AND FUTURE RESEARCH

GaN HEMT electronics is the solution for the power hungry electronic industry. As
the value of power increases in these devices, harsh self-heating reduces their
reliability. Today many researchers are trying to find cost effective and high
efficiency thermal characterization techniques of GaN HEMTs. Thermal modeling is
a popular thermal characterization technique since it can cover the limiting factors of
experimental methods. Yet there are issues such as computational efficiency of

numerical methods and skepticisms about the validity of electro thermal simulations.

In this thesis, numerical and analytical thermal modeling techniques are presented
and their advantages and disadvantages are discussed. A roadmap for accurate
numerical modeling of devices is presented by examining controversies (including
effect of thermal conductivity, Joule heating modeling methods, boundary conditions,
and dimensionality) of previous thermal models. Additionally, to solve some of the
problems of numerical modeling, for the first time an analytical method is studies in
multiscale (die-on-package) device. This analytical model is used later as the
foundation of a calibration technique that significantly reduces the computational cost

of numerical models, and can be used in 2D electro thermal simulations.

Later, by use of analytical method a comprehensive parametric study is performed
for comparison of SiC and new diamond substrates technologies. This study revealed
an important relation between thickness of the GaN layer and thermal boundary
resistance between GaN and substrate that should be considered in fabrication process
of these devices.

Many other thermal issues and control techniques in GaN devices need further

investigation; Accurate study of spreading thermal resistance in GaN HEMTSs raise
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many more questions that have not been discussed enough in the literature. Some of

these issues include:

e Accurate characterization of the nanoscale thermal conductivity of the AlGaN
and GaN films. Since the spreading mainly occurs in these regions, it was
shown that small changes in thermal conductivity of these layers can results
in important changes (more than 20% change in total thermal resistance) in
thermal behavior of the device.

e Characterization of temperature dependency and anisotropicity of the
materials used in device fabrication.

e Accurate optimization of GaN-on-substrate heterostructure with more
emphasis on the concept of TBR between GaN and diamond. The concept of
pre mature spreading presented in this thesis shows that careful optimization
should be considered in fabrication of GaN-on-diamond HEMTSs.

e Thermal management techniques that aim to reduce the spreading thermal
resistance in the heterostructure. Although using diamond substrates presents
thermal resistance reduction in GaN HEMTSs, however this reduction is
mainly due to change in one-dimensional thermal resistance. Future thermal
management techniques should aim at the reduction of spreading thermal
resistance of the device which is significantly dominant over one-dimensional
thermal resistance.

e Finally the accuracy of electrothermal simulations can be improved by using
the analytical calibration technique presented in this study and the electrical
performance of the devices that change with the temperatures can be
investigated with better accuracy.
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