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Abstract
Temperature rising which originates from self-heating degrades the electrical charac-
teristics, reliability, and lifetime of high-power GaN-HEMTs. In this article, a sys-
tematic analytical approach for thermal evaluation of microwave GaN-HEMTs is
constructed through combining and scrutinizing some of the basic static thermal anal-
ysis methods to provide a deeper insight into the process of the channel temperature
rising and self-heating with a much lower computational burden. The proposed sys-
tematic thermal analysis has been applied to two different assembly methods: con-
ventional mounting and flip-chip mounting. Although the mathematical and
empirical equations used are simple enough to save time, the effects of several phe-
nomena and different conditions on the channel temperature have been taken into
account. These include heat crowding phenomenon, the effect of temperature-
dependent thermal conductivity of the transistor constituent materials, transistor
geometry, die-attach material properties, and bump dimensions. To validate the accu-
racy of the calculations, all the analytical analyses are followed by 3D thermal simu-
lations in ANSYS software. The simulation results confirm the accuracy of the
analytical calculations.
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1 | INTRODUCTION

Discrete high electron mobility transistors (HEMTs) with
two popular alloys of AlGaN/GaN and AlGaAs/GaAs are
very often used as the main part of high-frequency and high-
power amplifiers due to some intrinsic attributes such as
high breakdown voltage and high saturation velocity.1,2

Generally, AlGaN/GaN on SiC has a higher breakdown volt-
age, a more power density and a higher saturation velocity
than AlGaAs/GaAs.3 Therefore, it is a superior candidate for
high-power applications. Although high-power GaN HEMTs
are the best candidates in microwave communications, radar,
and radio astronomy, their high power density increases the
channel temperature and causes self-heating effect. Self-
heating effect as the major problem of HEMTs, not only
imposes constraints on electrical performances and linearity
but it degrades the device lifetime.4 Consequently, these

kinds of transistors require sophisticated thermal manage-
ment to improve the output power.5–7

There are two popular ways to assemble a discrete HEMT
on a carrier: wire bonding and flip-chip. The conventional
wire-bonding is more common; however, it suffers from sev-
eral shortcomings such as the wire inductance effects, discon-
tinuities, nonreproducible wire-bonds, and low reliability of
interconnects due to the thermo-mechanical stress.8–11 Cur-
rently, the flip-chip technique with electrical and mechanical
bumping has become prevalent as an alternative method for
conventional wire-bonding assembly. In this technique, tran-
sistor is mounted upside-down with bottom plate suspended
in the air.12,13 Despite the improper thermal transferring
through the transistor bottom plate, which leads to an increase
in the channel temperature and self-heating effects, some great
advantages such as low inductance and discontinuities, com-
patibility with coplanar waveguide without using thin devices
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and minimum interconnects' length are provided by employ-
ing flip-chip assembly.8

Basically, the procedures of transistor mounting such as
the process of attaching a die transistor to a substrate or a
carrier, the type of die-attach paste/preform, and the topol-
ogy of the mounting for instance flip-chip mounting14 can
increase the channel temperature, which degrades the electri-
cal operation, lifetime, and reliability of the transistor. There-
fore, it is necessary to extract the structure thermal model to
predict transistor thermal operation and test different tech-
niques for temperature reduction to control the maximum
channel temperature.

There are two major approaches to model the thermal
operation of power devices.15 The first approach is the
extraction of a circuit model to indicate the relationship
between temperature and electrical characteristic in a power
device.16 This procedure is called electro-thermal model.
The second approach is to predict the device temperature by
means of estimating the thermal resistance (RTH). The tran-
sistor thermal resistance is usually calculated considering
either a constant thermal conductivity (k) or a temperature-
dependent k.17–20 The latter requires iterative calculation
procedures. Closed-form models and more accurate solu-
tions of thermal resistance have also been investigated, for
example, References 21,22. To extract thermal resistance in
the devices with temperature-dependent k while avoiding
iterative solutions, a more complex formula has also been
proposed in Reference 23.

In this article, we extract the thermal resistance of a
given HEMT in both conventional and flip-chip assemblies
based on analytical equations for temperature-dependent and
constant thermal conductivity of the materials used in the
assembled structure.

This article is constructed as follows: in Section 2, an
overview of the heat transfer equations will be presented.
Based on these equations, a simple way to calculate the tem-
perature of power devices will be proposed. GaN-HEMT
structure and its constituent elements will be introduced in
Section 3. Section 4 covers the mathematical calculations,
simulation results, and the effects of die-attach paste/preform
on the thermal behavior of the power transistor in conven-
tional assembly. Then, in Section 5, the thermal resistance of
a flip-chip structure will be analyzed. Finally, Section 6 con-
cludes the article.

2 | A GENERAL OVERVIEW OF HEAT
EQUATIONS

2.1 | Heat equations

In an active device (transistor), high channel temperature
due to electrical current flows from source to drain can dam-
age the device constituent elements and cause the transistor
failure. To prevent thermal damages, the generated heat must

be transferred to a region with a lower temperature. So, it is
vital to search for procedures whereby we can transfer the
heat from hot areas to cold ones.

There are three natural processes for heat transfer: con-
duction, convection, and radiation.24 Conduction takes place
in a solid material and causes the heat to pass on from one
molecule to another. Convection happens in liquids and
gases. Radiation is the direct emission of heat via electro-
magnetic waves. In an HEMT, radiation and natural convec-
tion mechanisms have negligible effects on transferring the
heat and cooling the device. Thus, in this article, the effects
of these two mechanisms are neglected.

Essentially, based on conduction mechanism, heat can
be transferred in three directions (x, y, z) and in the steady
state, it can be described by Laplace's equation as follows:25

∂2T

∂x2
+
∂2T

∂y2
+
∂2T

∂z2
¼ 0 ð1Þ

in which x, y, and z stand for the three directions and
T denotes temperature.

In a one-dimensional path, for example, in the x-direc-
tion, the rate of conducted heat through a medium is
given by

Q¼ k:A
dT
dx

ð2Þ

where Q is the heat flow in W, T is the temperature in K, k is
the thermal conductivity in [W/m K], A is the cross-sectional
area in z–y plane in m2, and x is the length in the x-direction
in m. Considering the second law of thermodynamics, we
can simplify the equation by replacing dT

dx with Thot−Tcold
L as

the heat moves from a hotter point to a colder one. Conse-
quently, we have

Qcond ¼ k:A
Thot−Tcold

L

� �
ð3Þ

Thot − Tcold is the temperature difference between two sides
of the solid material and L is its length in the x-direction. In
Equation (3), k, A, and L are considered as constant values.
However, in an actual solid, the material's thermal conduc-
tivity varies with temperature. A variable thermal conductiv-
ity can be explained as follows.

k¼ k0 1 + βTð Þ ð4Þ
k0 shows the primary thermal conductivity and β shows the
amount of thermal conductivity deviation per K. Meanwhile,
the integrated Fourier's approximation for heat flow
becomes

Qcond ¼ k0:A
Δx

T2−T1ð Þ+ β

2
T2
2 −T2

1

� �� �
ð5Þ

Based on Reference 26, the thermal conductivity of the
semiconductor devices changes with temperature T as
follows.
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k Tð Þ¼ kref ×
T
Tref

� �−α

ð6Þ

That kref is the thermal conductivity at reference tempera-
ture Tref (eg, 300 K) and α is a constant which is equal to
1.43 for GaN and SiC.4,26 To consider the above-mentioned
temperature-dependent thermal conductivity, the iterative
solution must be employed. In this article, both constant and
temperature-dependent thermal conductivities have been
used in the calculations.27 All the calculations are performed
using MATLAB software.

In a solid material, analog to electric circuits (Ohm's
law), the heat flow multiplied by thermal resistance is equal
to temperature rising. Therefore, to provide a simple
approach for solving heat flow problems, the concept of
Ohm's Law is generalized to thermal conduction process.
Therefore, the relationship between the temperature differ-
ence and thermal resistance can be defined as follows.

Qcond ¼ΔT
R

ð7Þ

where heat power of Qcond is dual of current, the temperature
difference of ΔT is dual of voltage difference, and thermal
resistance of R is dual of electric resistance in the Ohm's
law. Then, the thermal resistance can be obtained from
Equation (3) as follows:

Rconduction ¼ L
kA

K
W

� �
ð8Þ

Due to this duality, a thermal resistor network, which is
a combination of parallel and series connections, can be trea-
ted similar to series or parallel electric circuits.

2.2 | Different methods of thermal analysis for solids

In this part, some simple equations will be developed to ana-
lyze the thermal impacts of solid materials with different
geometries. Figure 1 shows an SiC solid substrate with
W = 1000 μm, h = 100 μm, L = 125 μm, and d = 0.5 μm.

Generally, different approaches can be used to calculate
the thermal resistance of Figure 1. The first approach is to
implement Equations (1) and (2) then employing numerical
algorithm, which is very complex and time consuming. The
second approach is to use Equations (7) and (8). Based on
these equations, thermal resistance of the SiC substrate would
be rough approximation because the heat source area is not
well modeled. Another way to obtain thermal resistance of a
solid is to convert Laplace equation to approximate deriva-
tives and form an equivalent matrix,28 which can be solved in
a proper mathematical software like MATLAB.27,29 Two
well-known ways of implementing this numerical approach
are finite difference method (FDM) and finite-element method
(FEM). The relative error between the analytic method and
the FDM decreases as the number of nodes for the FDM
increases. As an example shown in Figure 1, the computed

thermal resistance from the heat source to the bottom plate
based on FEM method is equal to 4.9 K

W

� 	
.

Another approach for thermal resistance calculation is to
use the concept of shape factor (S).25,30,31 Shape factor is
obtained from heat transfer Laplace equation and a certain
coefficient is assigned for each specific shape depending on
the geometry of the body through which the heat is con-
ducted. The shape factor method is a convenient way to
determine the thermal resistance in both simple and complex
systems. Shape factor is implemented in the thermal equa-
tion as follows.25

Qcond ¼ S:k Thot−TColdð Þ ð9Þ
where k is the thermal conductivity and S stands for the
shape factor.

An excellent approximation is achieved by considering
only the heat source area and assuming that the heat is
spread in θ angle. θ can be obtained based on formula in
References 22,32 as follows:

θ¼ 90tan h 0:355
πk
180

� �0:6
 !

ð10Þ

in which k is the thermal conductivity. So, based on
Figure 2, the average area (Aave) becomes

Aave ¼ d+Bð Þ×L ð11Þ
where L is the length of the die in z-direction. Based on
Equations (10) and (11) for an SiC substrate with given
dimensions and a thermal conductivity of 430 [W/m K], heat
spreading angle (θ) becomes 75�. Therefore, the average
area for spreading heat with d and L equal to 0.5 and
125 μm, respectively, becomes

Aave ¼ d+Bð Þ×L¼ 0:5+ 373:20ð Þ×125≈46713μm2

Thus, thermal resistance becomes

Rth1 ¼ 100μm
430 × 46713μm2 ≈5

K
W

� �
ð12Þ

It should be noted that the heat spreading effect in the
z-direction has been ignored. Because in this case the
effective area is only increased by

FIGURE 1 SiC substrate with dimensions W × W × h. Heat source is
imposed on the uppermost surface of the substrate at the central node. The
bottom of the substrate is fixed at 70�C
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Aave1 ¼ L+Bð Þ× d¼ 125+ 373:20ð Þ×0:5¼ 249:1μm2

which is about 0.5% of Aave.
In addition to the abovementioned approaches, a good

number of methods have been developed for static thermal
analysis of GaN HEMTs during the last two decades includ-
ing, but not limited to, a three omega technique for thermal
resistance extraction,4 static heat transfer, and thermal analy-
sis in quasi-monolithic integration technology (QMIT)7,33,34,
a precise technique to find FET thermal resistance35 and a
closed-form model for multi-finger FET.21

Generally speaking, the empirical and conventional
methods as mentioned in Equations (7), (8), and (10) are accu-
rate enough and can be easily implemented to calculate and
assess the thermal resistances of the transistor constituent parts.

3 | GAN HEMT STRUCTURE

To analyze the thermal response of an HEMT, we select a
6 W GaN-HEMT transistor with 10 gates as an example (the
analysis can be generalized for any other HEMTs or power
transistors). According to the proposed structure in

References 36,37, this transistor is fabricated on an SiC sub-
strate with ~97 μm thickness. There are three layers with
total thickness of ~3 μm above the substrate, namely, buffer,
channel, and barrier layers as depicted in Figure 3.

The buffer layer is a carbon-doped GaN layer epitaxially
grown on the SiC substrate which reduces the channel elec-
trons leakage into the substrate. There is a thin layer of pure
GaN on the buffer as electron channel layer. A thin layer of
AlGaN is placed over the channel for isolation to block the
gate current leakage. In our thermal analyses, these three
layers are considered as a single GaN layer due to their
extremely small thicknesses and the close similarity in their
thermal properties.

The drain and source interdigital (or comb-shape) con-
tacts construct 11 fingers (6 drain fingers and 5 source fin-
gers) with 10 gaps among them, see Figure 4. The GaN
transistor has a fabrication technology of 0.25 μm with a
total gate width of 1.25 mm. The fingers' length is 125 μm
and the gaps' width and pitch are 0.5 and 25.5 μm, respec-
tively. The source pads are connected to the metal at the bot-
tom of the SiC substrate through two symmetric deep
trenches. This facilitates transferring the heat in convention-
ally assembled transistors.

The structure presented in Figure 4 is our reference
device which is used for all the analyses, calculations, and
simulations through this article.

4 | THERMAL ANALYSIS OF THE
CONVENTIONALLY ASSEMBLED
TRANSISTOR

In the first part of this section, analytical calculations are
used to extract the thermal resistance of a field-effect transis-
tor using conventional assembly with different die-attach

FIGURE 2 Extracted heat spreading angle according to the empirical
equation (Equation (10)) in a two-dimensional structure with a die heat
source32

FIGURE 3 A schematic cross-sectional view of a simplified GaN-HEMT on an SiC substrate36,38,39 (the picture is not to scale)

4 of 14 FEGHHI AND JOODAKI



materials. Then, the calculations are validated by comparing
them with the corresponding simulations achieved by com-
mercial simulator of ANSYS.

4.1 | Analytical calculations

For the conventional assembly of the field-effect transistor
(Figure 5) on a carrier, a thin layer of AuSn preform (25 μm
thickness) with thermal conductivity of 57 (W/m K) is used.
AuSn is an excellent solution for the attachment of high-
power RF devices.41 Some frequently used die-attach mate-
rials are briefed in Table 1.

To have a simple and sufficiently accurate model for eval-
uating the transistor thermal resistance, the whole device has
been divided into four stack layers as follows (Figure 6):
10 superficial gates as the heat sources, GaN channel, SiC
substrate, and a thin layer of AuSn preform whose role is to
connect the device to its carrier. The heat powers from the
gate areas pass through the GaN channel, the SiC substrate,
and the AuSn preform finally reach the metallic carrier. Due
to the inverse relationship between the thermal conductivity
and the doping density in a semiconductor,51–53 thermal con-
ductivity of GaN at room temperature (273 K) varies in the
range of 100-250 W/m K depending on doping type and den-
sity.54,55 Also, the thermal conductivity (k) of semiconductors
decreases by temperature,6 so that the thermal conductivity of
GaN, which is 150 W/m K at room temperature, can decrease
to 59 W/m K at 573 K (Equation (6)). Thermal conductivity

of SiC at room temperature is 490 W/m K and it decreases to
194 W/m K) at 573 K. The thermal conductivity of the die-
attach AuSn is about 57 W/m K. Constant value thermal con-
ductivities are often preferred in the heat transfer analyses to
relieve the calculation burden, and also for the sake of sim-
plicity. Thermal conductivities of 430, 130, 317, and 57 W/
m K are proper choices for SiC, GaN, gold, and AuSn for
most cases, respectively. In our analyses, when accurate
results are desired, temperature-dependent ks are considered
for SiC and GaN with values of 490 and 150 W/m K at room
temperature, respectively (Table 2).

Considering the periodic interval between the gate finger
areas and using Equation (10), the effective heat path
through GaN, SiC, and AuSn under each gate area is shown
in Figure 6.

The heat spreading angles in GaN and SiC regions are
calculated from Equation (10) as follows:

θGaN ¼ 90tan h 0:355
πk
180

� �0:6
 !

≈47
� ð13Þ

θSiC ¼ 90tan h 0:355
πk
180

� �0:6
 !

≈75
� ð14Þ

Therefore, the widths of the heat path on top and bottom
of the GaN region are 0.5 μm (Figure 8A) and 7 μm,

FIGURE 4 Three-dimensional schematic view of a 6 W GaN-HEMT on
SiC36,40 (the geometry is not to scale). This structure is implemented in
ANSYS software for the thermal simulations in this work

FIGURE 5 An assembled 6 W GaN HEMT on a carrier

TABLE 1 Thermal conductivity of the die-attach materials42–44

Material Thermal conductivity (W/m K)

Au80Sn20 preforms 5742

Au96.8Si3.2 preforms 190-28543

Pb90Sn10 preforms 4644

Ag3.5 Sn96.5 3343

SK70N paste 50

Silver-epoxy 2-1244

FIGURE 6 The effective heat paths in a typical GaN on SiC HEMT are
predicted by Equation (10). In this model, the heat generated in the gate
finger areas is transferred to the carrier (baseplate) with different spreading
angles in each region
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respectively. Soon, the heat paths become wider in the SiC
region and meet each other at a depth of 2.5 μm. The heat
path width reaches to the edges of SiC region at the depth of
54.5 μm and follows the path to the baseplate (the metallic
carrier) (Figure 6).

Considering the width and length of each gate finger, a
single gate finger area (Asingle_gate) is equal to

Asingle_gate ¼ 125μm×0:5μm¼ 62:5μm2 ð15Þ
But due to the heat spreading angle, the heat path area

for each gate finger at the bottom of the GaN region (3 μm
depth) becomes

A3μm ¼ 125μm×7μm≈875μm2 ð16Þ
Also the average area (Aave) between the top and bottom

of GaN layer becomes

Aave ¼ 62:5+ 875ð Þ
2

≈469μm2 ð17Þ

Consequently, the thermal resistance in the GaN region
under each gate finger becomes

RTG ¼ l
kA

¼ 3× 10−6

130 × 469 × 10−12 ≈49:2
K
W

� �
ð18Þ

In a similar way, the SiC substrate is divided into three
parts, as shown in Figure 6, and the thermal resistance of
each part is calculated as follows:

RTS1 ¼ l
kA

¼ 2:5× 10−6

430× 2031 × 10−12 ≈2:9
K
W

� �
ð19Þ

RTS2 ¼ l
kA

¼ 54:5× 10−6

430 × 57300× 10−12 ≈2:2
K
W

� �
ð20Þ

RTS3 ¼ l
kA

¼ 40× 10−6

430× 82750× 10−12 ≈1:1
K
W

� �
ð21Þ

Also the AuSn thermal resistance is simply equal to

RTA ¼ l
kA

¼ 25× 10−6

57 × 82750× 10−12 ≈5:3
K
W

� �
ð22Þ

If the device is biased at quiescent point of 28 V and
125 mA, the total dissipation power is equal to 3.5 W (ie,
0.35 W per each gate finger).

Using the equivalent circuit of Figure 7, the total thermal
resistance becomes

Rtotal ¼RGaN +RSiC1

10
+RSiC2 +RSiC3 +RAuSn≈13:8 ð23Þ

The temperature difference across the gate and the base-
plate is calculated by using Equation (7).

ΔT ¼ T1−TBasePlateð Þ¼Rtotal ×Q¼ 13:8× 3:5≈48 ð24Þ

TABLE 2 Thermal properties of the constituent materials of the transistor
based on References 45–50

Material Thermal conductivity (W/m.K)

GaN 130-15045–48

SiC 430-49048–50

Au 31749

FIGURE 8 A, Percentage of the non-uniform power distribution on the
gate region based on Reference 57. B, Simulated temperature distribution
on the 6 W GaN-HEMT on SiC substrate with a total dissipated power of
3.5 W using ANSYS software. The transistor is fixed on the carrier
(backside baseplate) using an AuSn preform with k of 57 W/m K

FIGURE 7 The electrical equivalent network for the heat transfer problem
shown in Figure 6
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If the baseplate is at 70�C, the channel temperature will
be 118�C which is a good approximation of the measured
channel temperature of 125�C provided by the manufacturer.
This temperature difference is mainly due to employing con-
stant thermal conductivities in the calculations. The tempera-
tures at the interface points in Figure 7 are as follows:

T1≈118,T2≈102,T3≈101,T4≈93,T5≈89 ð25Þ
Based on Equations (18)-(24), it is apparent that the resis-

tance of the SiC substrate is less than the GaN active region.
This means that in this device, the GaN region has more unde-
sirable effects on the temperature rising of the channel. The
SiC region as a proper substrate has a vital role in transferring
the heat and reducing the channel temperature.

The thermal conductivity and thickness of such die-
attach pastes or preforms as SK70 paste or Au80Sn20 pre-
form have a large effect on the channel temperature. For
example, if a die-attach silver paste with a thermal conduc-
tivity of 10 W/m K was used, the calculation would show
that the channel temperature rises to 205�C.

To improve the accuracy of the channel temperature pre-
dictions, the constant thermal conductivities of GaN and SiC
should be replaced with the temperature-dependent ones in
Equation (6) with α of 1.43. After iterative calculations using
temperature-dependent ks in MATLAB software, the chan-
nel temperatures are equal to 126�C and 227�C for the con-
ventionally assembled transistor with Au80Sn20 preform
(with thermal conductivity of 57 W/m K) and silver-epoxy
(with thermal conductivity of 10 W/m K), respectively. The
calculated results show a good consistency with the mea-
sured data provided by the manufacturer and the simulated
results explained in the next subsection.

4.2 | Thermal simulation

In this part, the channel temperature of the transistor in con-
ventional assembly with different die-attach materials is simu-
lated. Figure 8 shows the temperature distribution of the GaN-
HEMT at operating point of 28 V and 125 mA in conven-
tional assembly with a 25 μm thickness for Au80Sn20 preform.
In Figure 9, AuSn die-attach preform is replaced by a silver-
epoxy with thermal conductivity of 10 W/m K. 3D FEM
static heat transfer simulations are performed using ANSYS
software.56 Around 40 000 mesh points are used in the struc-
ture and each run of simulation takes about 50 min using a
PC with an Intel core i7 x64 processor and 16 GB RAM.

To comply with the measurement conditions in the tran-
sistor data sheet, 3.5 W power was applied on the gate areas
according to the proposed model in Figure 8A57 and a 70�C
constant temperature is imposed on its baseplate (bottom
side of the die-attach material). A maximum channel temper-
ature of ~125�C is observed on the gate areas (Figure 8B).
This is equal to the measured value in Reference 40 and also
very close to our analytical results using the temperature-
dependent thermal conductivities presented in the previous

subsection. It should be noted that the maximum channel
temperature of the middle gate finger is <3% higher than that
of the gates at the edges due to the thermal coupling between
the adjacent gates. Therefore, for the sake of simplicity and
speed of calculations, we have considered an average value
for the channel temperature of all gate fingers and have omit-
ted the thermal coupling effect in our analytic calculation.

The thermal conductivity of the silver-epoxy is at least
five times lower than that of AuSn preform. Therefore, the
channel temperature increases to ~225�C with the silver
paste die-attach (Figure 9). Based on Equations (10) and
(11) and considering temperature-dependent k, a channel
temperature around 227�C was predicted which is a bit more
than that of 3D simulation.

To visualize the effect of the temperature rising on the
electrical characteristics of the device, both test setups simu-
lated in Figures 8B and 9 are fabricated and their electrical
parameters are measured. For the test setup of Figure 8B, the
transistor is mounted on a thick base-plate of copper using
an Au80Sn20 preform, and the bond-wire assembly is used
for the interconnects realization. The test setup of Figure 9
has been realized under identical conditions except for using
a silver paste die-attach material with k of 10 W/m K.
Proper 50 Ω input/output matching networks are designed
and implemented for both of the test setups to facilitate a
reliable S-parameters measurement. The transistor is con-
nected to the matching networks by means of bond-wires.
The measured steady-state magnitudes of S21 are presented
in Figure 10. The results confirm a small signal gain reduc-
tion of 2.9 dB due to the lower thermal conductivity of the
silver paste die-attach.

5 | THERMAL ANALYSIS OF THE FLIP-
CHIP ASSEMBLED TRANSISTOR

An alternative approach to wire bonding or tape-automated
bonding is the face-down mounting of the transistor using
bumping technique. The flip-chip bumps play three major

FIGURE 9 Simulated temperature distribution of a 6 W GaN-HEMT on
SiC with a total dissipated power of 3.5 W using ANSYS software. The
transistor is fixed on the carrier (backside baseplate) using a silver paste die-
attach with k of 10 W/m K
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roles, namely, electrical connection, thermal conduction, and
mechanical maintenance.14

Figure 11 shows the flip-chip assembled GaN HEMT on
a carrier with eight thermal bumps and five electrical bumps.
To enhance the heat transfer capability, the bumps are
mounted on the exterior surface of the transistor. Three
major parameters of a thermal bump are its cross-sectional
area, its height, and its material. Different materials includ-
ing Sn, Au, and Ag are used as bump materials.14,46,58 There
is a practical limitation on the minimum height of the bumps
in flip-chip assembly. In Reference 13, a GaN-HEMT
assembled on sapphire with 10 μm bump's height is
reported. Here, we investigate the influence of Au bumps
with different dimensions on static heat transfer of a flip-
chip assembled GaN HEMT.

5.1 | Analytical thermal analyses of the thermal and
electrical bumps

To solve the thermal response of the flip-chip structure we
must pay attention to the following points.

First, in flip-chip structure, the bilateral bumps on GaN
and the electrical bumps on the gate, drain, and source pads
are the only conduction ways to transfer the heat to the base-
plate. Therefore, the channel heat is moved from the gates
through two distinct paths which consist of GaN and SiC as
shown in Figure 12. Meanwhile, most of the channel heat
passes through SiC substrate rather than GaN part due to
higher thermal conductivity and bigger dimension of the SiC
part. Second, the effective cross section of bumps is
decreased in practice because of the current crowding phe-
nomenon.13,59,60 Third, the convection between the bottom
plate and lateral walls of SiC with periphery environment is
a poor heat transfer mechanism and it can be ignored.

To analyze the effect of the thermal bumps on the chan-
nel temperature in flip-chip structure, the transistor is
divided into two identical parts (each part includes five gate
areas and four bumps as depicted in Figure 12). For the sake

of simplicity, cylindrical bumps are replaced by cubic
bumps.

According to Figure 12, the third gate area is in the mid-
dle of the other four gate areas. Thus, a simplest way to cal-
culate the channel temperature is to consider the thermal
resistance of the third path as the average value of all five
thermal paths and divide it by five (Figure 13).

The average distance between the gate area and the
bump edges (L) is 140 μm. The total heat flow is 3.5 W.
Thus, the heat flow for half of the structure is 1.75 W.

In this structure (Figure 13), due to the heat current
crowding phenomenon, most of the channel heat flows
through the bump corners and as a result, the effective width
of the bumps decreases. The effective width depends on the
thermal conductivity and height of the bumps and the thick-
ness of the GaN and SiC layers as follows59:

WS ¼ kpath
kBump

× hpath × hBump

� �0:5

ð26Þ

where k and h denote the thermal conductivity and height,
respectively, and Path and Bump indicate the region of the
heat flow, and WS is the effective width of the bumps. The
heat flows through this part of the bumps only.

In the following, the effective widths of the bumps are
calculated for two different substrate layers.

If we consider only the 3-μm-thick GaN layer and ignore
the SiC substrate effect, the effective width will be

WS ¼ KGaN

KBump
× hGaN × hBump

� �0:5

¼ 130
317

× 3μm×50μm
� �0:5

≈8μm ð27Þ

which is very small (8 μm out of 100 μm). With a 100-μm-
thick GaN substrate, the effective width becomes

FIGURE 10 Measured |S21| of two 6 W X-band GaN on SiC power
amplifiers with different die-attach materials. The two circuits are fabricated
under the same conditions but one benefits from Au80Sn20 preform die-
attach with k of 57 W/m K and the other one is assembled using a silver
paste with k of 10 W/m K

FIGURE 11 A face-down transistor mounting on a carrier. In this
structure, 13 bumps interposed between the transistor and the carrier
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WS ¼ KGaN

KBump
× hGaN × hBump

� �0:5

¼ 130
317

× 100μm×50μm
� �0:5

≈45μm ð28Þ

However, for the existing transistor with a thin GaN
layer on SiC substrate, the SiC current path restrains the cur-
rent crowding phenomenon. Therefore, the effective width
of the bumps becomes

WS ¼ KSiC

KBump
× hSiC × hBump

� �0:5

≈
430
317

× 97μm×50μm
� �0:5

≈81μm

ð29Þ

In Equation (29), the GaN path has been neglected
because Equation (29) provides a much bigger value than
that of Equation (27).

To show the relationship between the effective width of
bumps (WS) and bumps height (HBump), WS is calculated

using Equation (29) for four different gold bump heights on
an SiC substrate.

HBump ¼ 10μm!WS≈36μm

HBump ¼ 30μm!WS≈63μm

HBump ¼ 50μm!WS≈81μm

HBump ¼ 100μm!WS≈115μm ð30Þ
Figure 14 shows the effective width of a bump versus its

height.
Based on Equation (8), for each solid material (eg, a

bump) if the height (HBump) decreases and the area (area
/WS) increases, its thermal resistance, as a result, reduces.
However, according to Equation (30), there is a trade-off
between HBump and WS (WS is proportional to the square
root of HBumb). That means, on one hand, a decrement in
HBumb leads to a reduction in the thermal resistance, but on
the other hand, a smaller HBumb decreases the bumps' effec-
tive width (WS) and as a result, the thermal resistance will be
increased. Therefore, the effect of reducing HBumb on the
channel temperature up to a certain value is not noticeable.

As depicted in Figure 13, the path from the third gate to
the base plate includes four resistors of RGaN1, RSiC, RGaN2,
and RBump (shown in the circuit of Figure 15). Based on
Figure 13, RGaN1 starts from the third gate area and ends on
SiC substrate through the GaN layer. Then we have RSiC

from RGaN1 to the effective parts of the bumps width (Ws)
through the SiC substrate (it should be noted that, there is a
high thermal resistance GaN thin layer in parallel with RSiC

which is ignored). Another resistor of RGaN2 is a piece of
GaN that is interposed between the SiC substrate and the
effective width of the bumps (Ws). The final resistor of
RBump is the bump thermal resistance considering the current
crowding effect.

For an SiC substrate and a gold bump with the dimen-
sions given in Figure 13, Equation (30) gives Ws of 81 μm.
That means 19% of the bump width does not participate in
transferring the heat.

In fact, RGaN1 is the resistance between the five gate
areas and the bottom surface of the GaN layer, which can be

FIGURE 12 The cross-section of the transistor structure with thermal
bumps. The curved arrows show the heat paths from the gate areas to the
bumps. As shown the heat flow is denser at the bump corners (the current
crowding effect). The cylindrical bumps are exchanged with cubic bumps
for the sake of simplification in the analytical calculations

FIGURE 13 A perspective view of a half of the transistor. Only the middle
gate area (the third gate area) is shown. In this structure, the bump length,
width, and height are 400, 100, and 50 μm, respectively. As can be seen,
the current crowding effect is more pronounced in the GaN layer

FIGURE 14 The effective width of a gold bump versus its height
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calculated using Equation (18). As Equation (18) is the aver-
age value for each gate area, we have

RGaN1 ¼ 49:2
5

¼ 9:84
K
W

� �
ð31Þ

As shown in Figure 16, the thermal path through the SiC
layer is divided into five successive parts. The first part of
RSiC1 starts from RGaN1 and goes under the gate with a spread-
ing angle of 75�. The second part extends up to the bottom of
the SiC substrate (RSiC2). Then, we reach the area under the
bumps through the third and fourth parts, RSiC3 and RSiC4,
respectively. The last part of RSiC5 goes to the bumps with a
75� spreading angle. Then, RSiC is obtained as follows:

RSiC1 ¼ 7μm
430× 13μm×125μm

≈10
K
W

� �

RSiC2 ¼ 19μm
430 × 71μm×125μm

≈5
K
W

� �

RSiC3 ¼ 114μm
430× 262:5μm×97μm

≈10:5
K
W

� �

RSiC4 ¼ 60μm
430× 400μm×97μm

≈3:6
K
W

� �

RSiC5 ¼ 26μm
430× 400μm× 97

2

� �
μm

≈3:1
K
W

� �

RSiC ¼RSiC1

5
+RSiC2 +RSiC3 +RSiC4 +RSiC5≈25

K
W

� �
ð32Þ

RGaN2 and RBump were calculated as

RGaN2 ¼ LGaN
KGaN ×A

¼ 3μm
130× 400μm×81μm

≈0:7
K
W

� �
ð33Þ

RBump ¼ LBump

KAu ×A
¼ 50μm
317× 400μm×81μm

≈5
K
W

� �
ð34Þ

So, the estimated thermal resistance of the first heat path
to the thermal bumps becomes

Rtotal_th1 ¼RGaN1 +RSiC +RGaN2 +RBump≈40:5
K
W

� �
ð35Þ

According to Figure 13, the thermal resistance of the
heat path through the 3-μm-thick GaN layer from the third
gate to the bumps (as an average value) becomes

RTGaN ¼ LGaN
KGaN ×A

¼ 140μm
130× 3μm× 125+ 400ð Þ=2ð Þμm≈1367

K
W

� �
ð36Þ

The bumps' thermal resistance, considering the corre-
sponding effective width is equal to

RTBump ¼ LBump

KAu ×A
¼ 50μm
317× 400μm×8μm

≈50
K
W

� �
ð37Þ

So the thermal resistance of the second heat path from
the gate areas to the thermal bumps becomes

Rtotal_th2 ¼RTGaN +RTBump≈1417
K
W

� �
ð38Þ

As Rtotal_th2 is parallel to Rtotal_th1, it has a negligible
effect on the total thermal resistance and it can be ignored.

The effect of the bilateral electrical bumps on the chan-
nel temperature is also noticeable. In our case study, there
are two electrical bumps on the drain pad and three separated
bumps on the source and gate pads. However, as the source
bumps areas are smaller than those of other bumps and for
the sake of simplicity, we assumed that the total area of the
electrical bumps on the gate and source pads is similar to
that of the bumps on the drain pads. The total rectangular
bumps area for each side is 20 000 μm2. With these assump-
tions, we have a symmetrical structure and we only need to
analyze a half of the structure.

Due to symmetry, as depicted in Figure 17, each gate
area (as a heat source) can be divided into two identical
parts. The heat from the gate areas is transferred to the elec-
trical bumps through the GaN thin layer and SiC substrate.
Based on Figure 17, the first part of the thermal resistance of
each half of the transistor becomes

FIGURE 15 The thermal resistance network based on Figure 13. In this
network, the thermal resistance related to the GaN layer from gate to bump
has been ignored

FIGURE 16 The heat flow path through the SiC substrate
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Relec_g ¼ 3μm
130× 125+ 131ð Þ=4ð Þμm×0:5μm

+
93μm

430× 131+ 824ð Þ=4ð Þμm×0:5μm

+
4μm

430× 824=2ð Þμm×0:5μm
≈2578

K
W

� � ð39Þ

The second part becomes

Relec_SiC ¼ 40μm
430 × 150+0:5ð Þ=2ð Þμm× 81+360

2

� �
μm

≈6
K
W

� �
ð40Þ

As the second part is much smaller than the first part, the
thermal resistance for 10 parallel gates becomes

Rgate ¼Relec_g +Relec_SiC

10
≈258

K
W

� �
ð41Þ

The thermal resistance of the electrical bumps with
50 μm height and effective width of 81 μm is

Relec_BUMP ¼ LBump

KAu ×A
¼ 50μm
317× 200μm×81μm

≈10
K
W

� �
ð42Þ

Therefore, the total thermal resistance from the gate
areas to the electrical bumps becomes

Rth_elec ¼Rgate +
Relec_SiC

10
+Relec_BUMP≈268

This thermal resistance is in parallel to the thermal
bumps resistance calculated in Equation (35). Finally the
channel temperature is obtained as follows:

Rth ¼Rtotal_th1 kRth_elec ¼ 40:5 k 268≈35:2

ΔT ¼ TA−TEð Þ¼ 0:5×Q×Rth≈62
�
C

Assuming a base-plate temperature (TE) of 70
�
C, the

channel temperature becomes

TA ¼ 132
�
C ð43Þ

These equations have been performed based on the con-
stant thermal conductivities of GaN and SiC.

Using MATLAB software and considering temperature-
dependent, thermal conductivities (k) equal to

KGaN Tð Þ¼ 150 ×
T
300

� �−1:43

KSiC Tð Þ¼ 490×
T
300

� �−1:43

ð44Þ

The channel temperature while the base-plate tempera-
ture is kept at 70

�
C becomes TA ≈ 160

�
C, that is 28

�
C

higher than the one calculated by using constant value ther-
mal conductivities. This represents the strong influence of
the temperature dependency of k.

In the case of destructive channel temperature, two strat-
egies can be employed. First, the height of the bumps can be
reduced (the minimum height is limited to 10 μm in prac-
tice). A shorter bump has a smaller effective width. Second,
we can reduce the interval between the gates and bumps.

Our analytical model is used to calculate the channel
temperature of the transistor in flip-chip assembly with dif-
ferent widths and heights of bumps considering the constant
value thermal conductivities. The calculated results are
shown in Figure 18.

In addition, our analytical approach is employed to calcu-
late the channel temperature for different bump dimensions
considering temperature-dependent thermal conductivities
given in Equation (44). To exhibit the capability of our model
in predicting the thermal behavior of a GaN HEMT in flip-
chip technology, our results are compared with those of a 3D
model simulated using ANSYS software employing
temperature-dependent thermal conductivities in Figure 19.
The 3D model used for accurate temperature simulations is
presented in Figure 20.

FIGURE 17 Heat flow paths from the gate areas to the bilateral electrical bumps
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In this model, a 3.5 W heat power has been distributed
on the gate areas based on Reference 57. The top surfaces of
the bumps are fixed at 70�C. Both conduction and convec-
tion boundary conditions are considered in these simula-
tions. Simulation results for different bump dimensions are
shown in Figure 19. The results obtained by our analytical
model show an excellent agreement with 3D simulated
results. The small difference between the results is mainly
related to considering the convection effect and thermal cou-
pling effects of the gates' finger in the 3D model. It is worth
noting that the simulation using a PC with a 64-bit Core i7
processor and 16 GB RAM takes around 60 min while our
analytical approach with an optimum convergence criterion
takes <1 min with the same PC. As it is obvious from Fig-
ures 18 and 19, there is a downward trend in the channel
temperature inversely proportional to the bumps diameter.
However, a very interesting point is that with bump heights
smaller than the effective diameter of WS, the channel tem-
perature approaches to its minimum value and further reduc-
tion of the height brings almost no improvement.

6 | DISCUSSIONS AND CONCLUSIONS

Self-heating in a microwave power device degrades output
power, power gain, lifetime, reliability, and power added
efficiency. The substrate material (eg, SiC, GaN, and sap-
phire), paste/preform die-attach material and the method to
assemble the transistor have the most influence on the device
cooling and controlling its self-heating.

To estimate the channel temperature or thermal resis-
tance, a simplified analytical approach based on both heat
transfer theory and empirical equations with considering heat
crowding phenomenon is proposed for microwave GaN
HEMT on SiC in conventional wire bonding and flip-chip
assemblies.

The proposed analytical approach is simple, fast, and
accurate and considers temperature-dependent thermal con-
ductivities of the materials involved. The effects of different
parameters such as substrate material, die-attach material,
and assembly method on channel temperature are analyzed
using the proposed model. The results are abbreviated in
Table 3.

FIGURE 18 Calculated channel temperature for the flip-chip assembled
power GaN HEMT on SiC exhibiting the effects of the bumps' height and
width. The curves show the channel temperatures for four different bumps'
heights versus the physical bumps' width. For all materials used in these
calculations, constant value thermal conductivities are assumed

FIGURE 19 Calculated and simulated channel temperatures for the flip-
chip assembled power GaN HEMT on SiC exhibiting the effects of the
bumps' height and width. The curves show the channel temperatures for
four different bump heights versus the physical bumps' width. Temperature-
dependent thermal conductivities are considered for the material used in
these results

FIGURE 20 3D model of the GaN-HEMT on SiC with 13 cylindrical
bumps meshed in ANSYS software. The bumps diameter is 100 μm. Both
rectangular and tetrahedral meshes have been used in the model
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