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Abstract: This study introduces an enhanced thermal management strategy for efficient heat
dissipation from GaN power amplifiers with high power densities. The advantages of applying
an advanced liquid-looped silicon-based micro-pin fin heat sink (MPFHS) as the mounting plate
for GaN devices are illustrated using both experimental and 3D finite element model thermal
simulation methods, then compared against traditional mounting materials. An IR thermography
system was equipped to obtain the temperature distribution of GaN mounted on three different
plates. The influence of mass flow rate on a MPFHS was also investigated in the experiments.
Simulation results showed that GaN device performance could be improved by increasing the thermal
conductivity of mounting plates’ materials. The dissipated power density of the GaN power amplifier
increased 17.5 times when the mounting plate was changed from LTCC (Low Temperature Co-fired
Ceramics) (k =2 Wm™! K1) to HTCC (High-Temperature Co-fired Ceramics) (k = 180 Wm™ K1),
Experiment results indicate that the GaN device performance was significantly improved by applying
liquid-looped MPFHS, with the maximum dissipated power density reaching 7250 W/cm?. A thermal
resistance model for the whole system, replacing traditional plates (PCB (Printed Circuit Board),
silicon wafer and LTCC/HTCC) with an MPFHS plate, could significantly reduce 6;s (thermal resistance
of junction to sink) to its theoretical limitation value.

Keywords: GaN-on-5iC; micro-pin fin heat sink; thermal management; thermal resistance

1. Introduction

As a third-generation semiconductor material, GaN is advantageous over silicon and GaAs
materials in its wide bandgap, electron saturation migration speed, breakdown field strength and
operating temperature. As a result, it is widely applied in power electronics devices, RF devices and
the 5G communication field [1-3]. Notably, GaN devices are frequently operated under high frequency
and voltage conditions due to their material characteristics, resulting in extremely high-power densities
and high temperatures, especially in the channel region. The power density of GaN devices is an
order of magnitude higher than that of GaAs devices [4,5]. According to the Arrhenius life-stress
model, the mean time to failure (MTTF) of a device is strongly correlated with the channel temperature,
and a tiny increase in temperature decreases its lifetime notably. These detrimental consequences
have greatly affected device performance and operation reliability. In this regard, it is urgent to
search for an effective thermal management solution to dissipate heat from the GaN gate-fingers [6,7].
Researchers have made great efforts to change the base-plate materials (on which GaN chips are
mounted) from CuW to diamond composites that have higher thermal conductivities and can improve

Electronics 2020, 9, 1778; d0i:10.3390/electronics9111778 www.mdpi.com/journal/electronics


http://www.mdpi.com/journal/electronics
http://www.mdpi.com
http://dx.doi.org/10.3390/electronics9111778
http://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/9/11/1778?type=check_update&version=2

Electronics 2020, 9, 1778 20of 11

thermal management. However, the use of diamond composite materials is more like a lateral heat
spreader than an effective heat sink [8,9]. Convective flow in a micro-pin fin heat sink (MPFHS) has
been identified as a promising cooling strategy for heat dissipation in such high heat flux chips [10].
It is superior in terms of the adequate heat exchange area between a heat source and liquid, which is
ascribed to the high aspect ratio of the structure [11].

In this paper, IR thermography measurements were conducted to explore the device temperature
of a GaN power amplifier (PA) grown on SiC substrates mounted on different plates, including PCB,
bare silicon wafer and a liquid-looped Si-based MPFHS. Furthermore, a series of experiments were
performed to evaluate the cooling capacities of the three kinds of plates. The effect of mass flow rate on
device temperature for the MPFHS was also investigated. In addition, a 3D finite element model (FEM)
thermal simulation was conducted to correlate with the experiment results, which was compared
with traditional mounting materials with different thermal conductivities such as HTCC/LTCC
(High/Low Temperature Co-fired Ceramics).

2. Experimental and Simulation Details

2.1. GaN-on-SiC Power Amplifier and Thermal Experiments

In these experiments, the GaN-on-SiC devices were operated under a direct current model.
AlGaN/GaN that was 2 um in thickness was grown on 50-um-thick SiC substrates with 11 fingers,
which were referred to as the power source region. The infrared optical imaging system (Flir A315)
equipped with a 320 x 240-pixel microbolometer for detecting low temperature difference (temperature
accuracy = 50 mK) was used to measure the maximum channel temperature of the GaN-on-SiC device
at various power levels, and the close-up IR lens (Flir T197415) was used as the example to focus the
power source region on. The focal length of the lens was 100 pm. Compared with the micro-Raman
thermography method, IR thermography is a popular and readily accessible technology due to its easy
operation and rapid acquisition of real-time results, even though the IR cameras have certain limitations
such as low accuracy, difficulty in imaging reflective surfaces and an incapability of obtaining actual
surface temperatures of semiconductor material because of the covered metal structures [12].

A GaN power amplifier was mounted onto the center of three different plates (PCB, bare silicon
wafer and a Si-based MPFHS fabricated according to MEMS technology) by AuSn die attached under
the same conditions as the 25-pm-thick interface layer of solder alloy (as shown in Figure 1a). Figure 1b
shows a cross-section view of the GaN chip with the integrated MPFHS. Table 1 shows the parameter
data of the equipment. A direct current power supply was connected to the test module, which was
supported by the Au wire-bond method.

(a) (b)
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Figure 1. (a) Three-dimensional model of a GaN power amplifier mounted onto plates (not to scale),
(b) Cross-sectional view of the GaN chip with integrated MPFHS (micro-pin fin heat sink) (not to scale).

Table 1. Parameters of the equipment.

PCB (Printed Bare Silicon

Parameters GaNPA .. it Board) Wafer

MPFHS

Length 1100 pm 2 cm 2cm 2 cm
Width 800 um 2 cm 2cm 2 cm
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2.2. MPFHS Fabrication and Experimental Loop

The geometry of the MPFHS is shown in Figure 2. In this study, an MPFHS with the global size of
20 mm (width) X 20 mm (length)x 1 mm (height) was fabricated by deep reactive-ion etching (DRIE)
MEMS (micro-electro-mechanical system) technology on a silicon wafer, which could conveniently
be further integrated by semi-conductor devices. Micro-pin fins (MPFs) were distributed uniformly
in a 15 mm X 15 mm square in the central area, while the circle MPFs were 60 um in diameter and
250 um deep. The pitch distance between two adjacent fins was 100 um. MPFs were etched from the
4-inch pieces of 500-pm-thick double-side polished silicon wafer. Then, an Si-based MPF plate was
anodic-bonded with BF33 borosilicate glass (also 500 pm in thickness) as a cover plate.

R=0.6mm Nmmmmmm—m—————————

‘ | Micro Pin-Fins with circle section shape

(@ (b)

Figure 2. Si-based MPFHS: (a) schematic diagram of MPFHS; (b) microscopic image of an MPF
(micro-pin fins).

Figure 3a depicts the forced convection experimental test platform, which is a closed loop.
Deionized water, which was used as the coolant, was pumped continuously via an infusion pump
(XYHY Y-600). The diagonal flow direction was obtained, and the mass flow rate was adjusted within
the range of 0 to 1000 mL/min. Thereafter, the coolant entered the MPF chamber and a heat exchange
occurred inside the MPF test modules. Eventually, the deionized water returned back to the water
reservoir. An IR camera was placed right above the heat sink, and was closely focused on the GaN
power amplifier device to probe the temperature distribution, as shown in Figure 3b. The temperature
bar is presented at the right side in Figure 3b. Notably, the IR temperature measurement equipment
was calibrated prior to experiments.

(@) ) (b)
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Figure 3. (a) Close-loop of the experimental test platform; (b) an IR camera was focused on the GaN
power amplifier chips area (off working state).
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2.3. Thermal Simulation

The 3D finite element models (FEMs) of the GaN power amplifier mounted on the PCB were
constructed by Comsol Multiphysics software, as shown in Figure 1. To provide a heat flux in the
chip, the 11 fingers were set as the heat source, which was set as the top surface of the GaN layer.
In this model, the AlGaN barrier material was neglected, and the ambient temperature was set at 22 °C.
Additionally, natural convection between the test module and air was taken into consideration, with a
heat transfer coefficient (1) of 6 Wm= K~1. Moreover, tetrahedron elements were applied in our model
for meshing.

The simulation results were compared with the experimental data extracted from the IR
measurement at the finger of the GaN chip at different power densities, as displayed in Figure 4.
According to the comparison results, the experimental results agreed well with the simulation results.
Consequently, the 3D FEMs of the GaN power amplifier mounted on the bare silicon wafer and some
traditional carrier materials of GaN chips (such as LTCC/HTCC) were constructed by the Comsol
Multiphysics software using the same model. The material characteristics are listed in Table 2.
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Figure 4. Maximum temperature of GaN chips (mounted on PCB) as a function of input power density
obtained based on IR measurements and 3D FEM (finite element models) simulation results.

Table 2. Characteristics of materials in thermal simulation.

. Therm'al. Specific Heat p Thickness Area
Materials  Conductivity [kg~! K-1] [ke m=3] [um] [mm2]
[Wm—l K—l] 8 g 28
GaN 150 490 6070 2 1.1x0.8
SiC 420 690 3216 50 1.1x0.8
AuSn 57 150 14,700 25 1.1x0.8
LTCC 2 900 2500 500 20 % 20
PCB 9.5 1369 1900 500 20 x 20
Si 150 700 2329 500 20x 20

HTCC 180 750 3280 500 20 x 20
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2.4. Data Reduction

Thermal resistance (0) is defined as the ratio of temperature drop (AT) to the dissipated heat

transfer rate (Pq):
AT

Pq
Considering that a cooling system was introduced into the liquid loop and that the water
temperature changed with junctions, the reference temperature was uniformly set as the ambient
temperature (Tymp = 22 °C) during the experiments and thermal resistance calculation (not the inlet
water temperature). Figure 5 demonstrates the thermal resistance model used to simplify the calculation
and analysis of thermal management enhancement. The heating area was under the gate, as presented
in Figure 5a. In this paper, the maximum temperature of the GaN chip was referred as Tj, measured by
the IR system in junction area of the GaN chip. Tink should be considered the average temperature of
the area under the GaN power amplifier that could not be obtained in experiments. As the size of
the GaN chip was much smaller than the mounting plates size (lateral heat conduction over a small
distance can be ignored), Tk was simplified and regarded as the average temperature of four points
on the top surface of mounting plates that were adjacent to the edges of the chip.

0 1)

Py
(a) (b)

Heat Source

TSAC

Tsink Thusa

¢ AuSn

Tsink

Tamb

T. amb

sa

Figure 5. Thermal resistance model: (a) material system for the test module; (b) thermal resistance
circuit for calculation and analysis.

As displayed in Figure 5, the equivalent thermal resistance circuit illustrated the thermal path
from the power source to ambient air. The chip heating resource was the GaN region under the gate
fingers. According to JESD51-1, when the heat sink was applied to dissipate the heat power of the
chip, an accurate relationship of junction temperature, thermal resistance and dissipated power was
expressed as:
0jaX(0js+ Osa)

-P, 2
6ja+ 6js+ 6sa d ( )

Tj: Tamb+

where Tj is the junction temperature, Tamp stands for ambient temperature, Py indicates the dissipated
heat power, 0j, represents the thermal resistance of natural convection and radiation from the junction
to the ambient thermal path, 05, represents the thermal resistance from the heat sink to ambient
air (including processes of forced and natural convection and radiation) and 65 represents thermal
resistance from the junction to the heat sink, which is a summation of the following:

0js = 0GaN + Osic + Oausn 3)
Therefore, Oyytq is defined as the following:

0;2%(0 s+ Osa)

etotal = 0.

4
]a+ 6js+ 6sa ( )
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The IR system obtained the temperature distribution on the test module’s surface in the horizontal
direction, but not the inner materials in the vertical direction; therefore, 6can, Osic and 6545, could
not be obtained from the experimental temperatures. In this regard, we would estimate these
three resistances theoretically by absolute thermal resistances 0, which are properties of particular
components (certain thermal conductivity k, as the influence of temperature was ignored) and defined

©)

geometries (thickness and area):
_ Thickness

O = k X Area

3. Results and Discussion

3.1. PCB, Bare Silicon Wafer and MPFHS
Figure 6 displays the variation of maximum temperature of the GaN-on-SiC power amplifier

mounted on three different plates (PCB, bare silicon wafer and MPFHS) probed by the IR camera
system that was focused on the devices at different power densities, presented by dot lines. Typically,
the maximum temperature was referred to as the temperature of junction. During the experiments,
the mass flow rates of the MPFHS were changed from 0 to 90 mL/min. Figure 6 also illustrates
the compared thermal simulation results of the GaN device brazed to PCB, bare silicon wafer and

LTCC/HTCC plates, presented by dash lines.
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Figure 6. The maximum temperature of the GaN power amplifier mounted on three different plates
(PCB, bare silicon wafer and MPFHS) as a function of dissipated power density probed by the IR camera
system. During the experiments, the mass flow rates of the MPFHS were changed from 0 to 90 mL/min.

Generally, the device mounted on LTCC plate showed the worst performance, due to the extremely
low thermal conductivity (as low as 2 Wm~! K1), much like a thermal isolator rather than a thermal
conductor. The device could not dissipate heat effectively in the vertical direction. The total dissipated
power density was under 200 W/cm? and temperature had already achieved highs of up to 150 °C.
GaN mounted on the PCB also performed badly, with a relatively low thermal conductivity of

9.5 Wm™ K7}, and a very high temperature (145 °C) achieved at a heat power density of lower

than 640 W/cm?.

In this study, the maximum temperatures of GaN mounted on the bare silicon wafer and MPFHS
with no convective liquid structure were almost the same. The increased surface area of MPFs made
no difference in the heat transfer enhancement, because the BF33 borosilicate glass cover plate blocked
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the natural convection between MPFs and the air. Two test plates achieved 254.4% power density
increments (up to 1700 W/cm?) compared to the PCB plate at the same junction temperature of 145 °C
due to increasing material thermal conductivity. When the mounting material was changed to HTCC,
thermal conductivity increased further to 180 Wm~! K=!, and power density increased to 3500 W/cm?.
Thus, a conclusion can be made that the thermal performance of a GaN device can be improved by
increasing the thermal conductivity of the mounting material.

Moreover, by combining the MPFHS with a liquid loop, the power density range of the GaN
power amplifier was significantly extended to reach 7250 W/cm? at a Tj of 145 °C and a mass flow
rate of 90 mL/min, which is nearly a four-fold increase compared to GaN mounted on the bare silicon
wafer, and 11.5 times better relative to GaN mounted on the PCB. When compared with the traditional
mounting plate material HTCC, the heat dissipation ability was enhanced two-fold.

On the other hand, the increasing mass flow rate also extended the power density range of
the device from 6800 to 7257 W/cm? at the Tj of 145 °C. However, the improvement by increasing
flow rate was limited, with much effort remaining to be made on factors affecting the heat transfer
performance of an MPFHS, such as the pin fins arrangement [13,14], surface roughness [15-17],
surface hydrophilia/hydrophobicity [18-20] and surface coating with nanowire/nanoparticles [21-23],
so as to attain a superior heat removal capacity.

3.2. Thermal Resistance Analysis

Table 3 summarizes the thermal resistance calculated from experimental data using Equations
(1)—(4). Clearly, the thermal resistance decreased when the plate changed from the PCB to the bare
silicon wafer, which is attributable to the higher thermal conductivity of silicon than PCB. In addition,
the MPFHS without liquid cooling had a slightly higher thermal resistance than the bare silicon wafer.
This might have been related to the fact that the air sandwiched between the silicon MPF and the
glass cover plate (with a very low thermal conductivity of 1.005 Wm~! K=!) blocked the direct heat
exchange with ambient air. When GaN was mounted on the MPFHS, the thermal resistance remarkably
decreased to 4.097 °C/W at the flow rate of 30 mL/min. A limited improvement on thermal resistance
to 3.13 °C/W at 90 mL/min was attained as the mass flow rate increased. Oyo,1 was improved 18.5-fold
compared with the PCB.

Table 3. Thermal resistance calculated from experimental data at the same power dissipation.

Dissipated
Heat Power 05, (°C w-1) 0js °C wW-1) 0sa CCW1) Ototal CCW-1)
W)
PCB 1.012 122.13 16.92 105.22 61.07
Bare silicon wafer 1.068 28.46 8.61 19.85 14.237
MPFHS (0 mL/min) 1.059 31.82 9.93 21.90 15.917
MPFHS (30 mL/min) 1.087 8.188 4.02 4.17 4.097
MPFHS (60 mL/min) 1.133 7.81 3.83 3.99 391
MPFHS (90 mL/min) 1.139 6.27 3.63 2.63 3.13

The 6js (junction to sink) in all cases was smaller than the 6}, (junction to ambient air),
suggesting that the chip heat was dissipated mainly through the mounting heat sink plates. Therefore,
it is important to analyze heat path junction to the sink, and we focus on 6s in the following discussion.
The theoretical thermal resistance of 65 obtained by Equation (5) was 0.6485 °C/W (6Gan +0sic +6ausn),
which was regarded as the limit value. In our experiments, 0js was reduced from 16.92 to 3.63 °C/W,
and was improved 3.6-fold compared to the PCB, which was further decreased to the limit value.
Figure 7 shows the decreasing trend of 0s that approached 0.6485 °C/W. The one reason 6js reduction
was temperature dependent on thermal conductivities for the GaN, SiC and AuSn layers was that
the thermal conductivities of solid materials increased with decreasing temperature. The difference
between the experimental and theoretical 6;s values was mainly ascribed to the phonon scattering at
the interface of different materials.
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Figure 7. Decreasing trend of st and the theoretical limitation of 0.6458 °C/W

Moreover, it was obtained by Equation (5) that Oa,g, for the die attach represented over 70% of
the 0js. Beyond the scope of this article, such a result illustrates that a further development of the
die attach method may reduce the limitation of O3s, for instance, a direct die attach to MPFs, coolants
without interlayers and the interchip cooling strategy [24,25].

4. Conclusions

IR thermography measurements were employed in this study to probe the device temperature of
a GaN power amplifier grown on the SiC substrates mounted on different plates, namely, a PCB, a bare
silicon wafer and an Si-based MPFHS, within the range of operating power. Additionally, a series of
experiments were conducted to evaluate the cooling capacities of these three plates. The effect of mass
flow rate on the MPFHS device temperature was also examined. Further, the experimental results
were compared with 3D FEM thermal simulation results. The following conclusions are drawn from
the experiments:

(1) The thermal performance of a GaN device can be improved by increasing the thermal conductivity
of the mounting material. The dissipated power density of the GaN power amplifier was
200 W/cm? when mounted on LTCC (thermal conductivity is 2 Wm™! K~1). While mounted on
HTCC (thermal conductivity increasing to 180 Wm™! K1), the power density increased 17.5-fold
to 3500 W/em?.

(2) The thermal performance of a GaN device can be improved by applying a silicon-based micro-pin
fin heat sink. When mounted on the MPFHS, the power density reached 7250 W/cm? (at a T; of
145 °C and a mass flow rate of 90 mL/min), which is nearly a two-fold increase compared with
traditional mounting material HTCC. This means that using a silicon-based MPFHS can improve
the reliability of the device and reduce the junction temperature effectively, making it a promising
thermal management method.
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®)

4)

The improvement of thermal management was limited for GaN mounted on the MPFHS, with a
mass flow rate increase from 30 to 90 mL/min. Nonetheless, lots of heat sink optimization schemes
could be further developed to achieve the optimal cooling effect, such as the cross-shape of
micro-pin fins or the pin fin arrangement.

The Oiota) was improved 18.5-fold compared with the PCB and MPFHS at a mass flow rate of
90 mL/min. These significant results can elongate the mean time to failure and ensure a more
reliable operation of GaN devices.

Replacing the traditional base plates (PCB, silicon wafer and LTCC/HTCC) with an MPFHS plate
can significantly reduce the 6;s to approach the theoretical limitation value. In future studies,
this is a promising and possible way of developing the die-attach method in order to improve
thermal interface resistance for solving this bottleneck problem. Alternatively, removing interface
layers and adopting an interchip cooling strategy are also the promising approaches.
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Nomenclature

AT Temperature Drop [°C]

c Specific Heat []kg_1 K1

FEM Finite Element Model

HTCC High-Temperature Co-fired Ceramics
h Heat Transfer Coefficient [Wm ™2 K™1]
k Thermal Conductivity [Wm™ K1
LTCC Low-Temperature Co-fired Ceramics
MPFHS Micro Pin Fin Heat Sink

P Power [W]

PA Power Amplifier

PCB Printed Circuit Board

Q Power Density [W/cm?]

Greek symbols

0 Thermal Resistance [°C/W]

P Density [kg/m3]

Subscripts

amb Ambient

d Dissipated power density

in Input

j Junction

ja Junction to Ambient Air

s Junction to Sink

max Maximum

sa Sink to Ambient Air

sink Heat Sink

total

Total Thermal Resistance
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