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Abstract:

An experimental and numerical investigation of water-cooled serpentitengellar rmichannel heat sinks
(MCHS) has been performed to assess their suitability for the theramelgement of gallium nitride (GaN)
high-electron-mobility transistors (HEMTS) devicésFinite Element-based conjugate heat transfer model is
developed, validated experimentally and used to determine the optimahamnel width and number of
minichannels for a case with a uniform heat flu @®W/cn?. The optimisation process uses a 30 point Optimal
Latin Hypercubes Design of Experiments, generated from a permutatioticgalgerithm, and accurate
metamodels built using a Moving Least Square approach. A Pareto friv@nisonstructed to enable the
compromises available between designs with a low pressure drop and iffokeewthermal resistance to be
explored and an appropriate minichannel width and number of minichannels to be cheserparameters are
then used within conjugate heat transfer models of a serpentine MCHiSilibn, silicon carbide, diamond
and graphene heat spreaders placed above a GaN HEMT heating sourad & ar@.8 mrf) generating 1823
W/cn?. A nanocrystalline diamond (NCD) layer with thickness of 2 pm is mouwntetie top surface of the
GaN HEMT to function as a heat spreader to mitigate the hot Jpm®ffect of volumetric flow rate and heat
spreader thickness on the chip temperature has been investigated niyraeritahch of these has been shown
to be influential. For examplet a volumetric flow rate of A0 I/min, the maximum chip temperature can be
reduced fronl24.7°C to 96.7°C by employing 25 um thick graphene heat spreader attached to the serpentine
MCHS together witta NCD layer compared with a serpentine MCHS without these heat spreaders.

Keywords: Serpentinminichannel heat sink, Conjugate Heat Transfer, CFD, GaN HEMTs, Heat spreader,
Multi-objective genetic algorithm, Nanocrystalline diamond layer.
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Nomenclature

Apase  Base area of minichannel [m?] Tw,avg Average channel base temperature [°C]
A Cross-sectional area of minichannel [m?] Ty et ggt]annel base temperature at thermocouple location (i = 1-4),
A.;  Effective heat transfer area per channel [m?] Von Velocity in microchannel [m/s]

Afin Surface area of fin [m?] w,, Fin width [m]

A, Bottom heated area of the MCHS [m?] W, Minichannel width [m]

Cpy Specific heat of fluid [J/kg.K] w Heat sink width [m]

Dy, Hydraulic diameter [m]

h Convective heat transfer coefficient [W/m2.K] Greek symbols

H, Substrate thickness [m]

Hp, Minichannel height [m] Ny Fin efficiency

k Turbulent kinetic energy [m?/s?] pr Fluid density [kg/m?]

ke Thermal conductivity of fluid [W/m.K] Uy Dynamic viscosity of fluid [kg/m s]

ks Thermal conductivity of copper block [W/m.K] Ur Turbulent viscosity [kg/m s]

kr Turbulent thermal conductivity [W/m.K] € Channel surface roughness [um]

L Heat sink Length [m] 1) Specific dissipation rate [1/sec]

Len Minichannel length [m]

n Number of minichannel Subscripts

AP Total pressure drop [Pa] avg Average

Qin Volumetric flow rate [m%/sec] f Fluid (Water)

q Heat transfer rate [W] in Inlet

Re Reynolds number out Oultlet

Rip Total thermal resistance [K/W] max Maximum

Tfavg  Fluid bulk temperature [°C] s Solid

Tt in Inlet fluid temperature [°C] tci Location of the thermocouple along the flow channel
Troue  Outlet fluid temperature [°C] r Interface between the fluid and solid

1. Introduction

Over the last decade, gallium nitride (GaN) high-electron-mobility transistors (HEMTs) have become
increasingly popular for radio-frequency (RF) and microwave applications due to their robustness, wid
band-gap and high thermal conductivities and saturated electron velocities that enable them to function
harsh environment4,2]. However, GaN HEMTSs dissipate large heat fluxes which create hotspots that can
cause significant degradation in performafglewhen maximum operating temperatures of ~26Gare
exceeded. To alleviate the problem of hotspots, silicon carbide (SiC) heat spreaders have been used du
their high thermal conductivity of 370 W/m.K at 20[4]. However, since the thermal conductivity of SiC
decreases significantly as temperature increfigeshe use of SiC alone is not practical for hot spot
mitigation.For high heat fluxes (> 100 W/ single-phase liquid cooling and flow boiling in microfluidic
systems can provide the required cooli@g The former, first introduced by Tuckerman and P¢&sm

1981, have emerged as viable cooling devices for high heat flux electronics due to their high surface ar
to volume ratid8]. The latter have also been widely studied by researchers due to their ability to dissipate
high heat fluxes with much lower pumping power than the former due to their effective utilization of the
latent heat of vaporizatiof®]. However, at higher heat fluxes, microchannel flow boiling suffers from
pressure fluctuations and flow instabilities which can lead to serious problems from significant reduction:

in heat transfer performance due to, for example, liquid dry&jut
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A number of investigations into the thermal management of GaN HEMTs have appeared in the literature
For example, Calame et &.0] used experiments and numerical simulations to study the dissipation of 4
kW/cn? over a 1.2 x 5 miactive area of a GaN on SiC semiconductor using water-cooled microchannel
coolers, while the experimental study of Lee e{Hl] investigated how to dissipaseheat flux of 11.9
kW/cn? over eight heat sources of size 350 x 15¢ pma 7 x 7 mrhsilicon (Si) die with a maximum
hotspot temperature of 175°C. Recently, Lee dtldl13]used 3-D numerical simulations to analyse the
thermal conditions when a total power of 92.4 W is applied to 40 multiple gates (a heat flux of 336 kW/cm
is applied to each gate) located on GaN HEMTs on a SiC-based microchannel heat sink using water a
methanol as a coolants in single and two phase flow conditions. Other relevant studies have focused on 1
effect of using very high thermal conductivity substrates to enhance heat spreading for GaN and a humb
of these have analysed diamond heat spredilérs 16] since diamond’s thermal conductivity is 2200
W/m.K - 5.5 times greater than copp&r]. Han et al[18] used experiments and numerical simulations to
investigate the effect of 300 um thick diamond heat spreaders on copper-based microchannekheat sir
containing twentyone parallel straight rectangular microchannels with a water flow rate of 0.4 I/min to
dissipate 11.9 kW/chfrom a GaN-on-Si device. They found that the use of the diamond heat spreader
within the liquid-cooled microchannel heat sink enabled, the maximum gate finger temptydbere

reduced from 237C to 193°C compared with a heat sink withaiheat spreader.

Graphene, on the other hand, may be a viable alternative to diamond not only because it is less expensi
but also because of its extremely high thermal conductivity which ranges from 3880 W/m- K at room
temperaturg¢l9, 20] In addition, its low density and strength (50-times stronger thar{21¢ehas created
excitement within research teams worldwide. The effect of graphene heat spreaders on operatir
temperatures have been investigated numerically by Barug22]aBae et al[23] and Subrina et dJ24],

while Reddy andulikravich [25] used a three-dimensional conjugate heat transfer model to investigate
the effect of the single- and few-layer graphene nano-platelet heat spreaders applied to the top wall of mic
pin-fin heat sinks on the maximum electronicpckeimperature. The latter’s results showed that the use of

such thin graphene nano-platelet heat spreaders can lead to significant rediichensiaximum chip

temperature.
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However, research has shown that heat spreaders by themselves are insufficient for high heat fl
applications and that nanocrystalline diamond (NCD) around the gates can be extremely beneficial und
these condition. In recent years, NCD thin-films have advanced signifi@é{lydue to their unique
properties, notably high thermal conductivity (up to 1300 W/m.Kjep > 3 um) [27]. To mitigate the
self-heating effect, NCD has been demonstrated as a top-side coating for improved heat spreading
AlGaN/GaN HEMT devices by Anderson et [@8]. As a result, HEMTs with NCD heat spreading layers
exhibit a 20% decrease in peak channel temperature compared to HEMTs without an NCTBdj#met
al.[29,30] also usec Nanocrystalline diamond heat-spreading film with thickness of 0.5 pm mounted on
the top surface of the AIGaN/GaN HEMT device in order to reduce self-heating. Their results showec
significant reduction in temperature near the GaN/Si substrate interface, frdi@ 81020°C after NCD
capping.

The vast majority of previous studies have used straight rectangideochannel heat sinksith heat
spreaders to dissipate high heat flux frdra GaN HEMTSs. Since the boundary layer thickness increases
along the flow direction in these straight channels, they suffer from a continuous increase of surfac
temperature along the flow direction and a deterioration in heat transfer performance. The use of serpenti
channels has recently been shown to provide much better heat transfer performance, due to a combinat
of being able to disrupt fully-developed boundary layers through the curved channel ends and from th
secondary flow structures (Dean vortices) which are generated in the serpentine bends and which al

improve fluid mixing and heat transfer.

Al-Neama et al[31] have very recently used complementary experimental and numerical methods to
investigate the benefits of employing three different serpentine microchannel heat sink designs using sing
(SPSM), double (DPSM) and triple path serpentine configurations (TPSM). Their performance was
compared with that of a design based on straight rectangular microchannels (SRMs) in terms of presst
drop @P), average Nusselt numbevi,,,) and total thermal resistancg.f). Their experimental and

numerical results showed that the serpentine channel bends are very influential in improving heat transf
by preventing the hydrodynamic and thermal boundary layers attaifuig-developed state. The SPSM

design provides the most effective heat transfer, followed by the DPSM and TPSM ones, both of whicl
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out-performed the SRM heat sink, and that the SPSM heat sink produced a 35% enhandémgpt

and a 19% reduction iR;;, at a volumetric flow rate di.5 [/min compared to the conventional SRM heat
sink. These improvements in the heat transfer are, however, achieved at the expense of significantly larc
AP. Another experimental and numerical study have been conducted by Al-NeamgB2} @here the
SPSM heat sink was modified by integrating a small chevron fins between the main channel flow to genera
secondary flow to enhance fluid mixing as well as convective heatdramhkfs novel design is found to
significantly reduce both the pressure drop across the heat exchanger and the total thermal resistance by

to 60% and 10%, respectively, atndenhance the average Nusselt number by 15%.

The present study is the first to consider the feasibility and performance of using serpentine, rather the
conventional straight, water-cooled channel heat sinks for dissipating the high heat fluxes associated wi
GaN HEMTSs. It further extends the recent work of Al-Neama €B8al.to explore and demonstrate the
significant additional benefits of using a range of different heat spreader materials, on the cooling of CRE|
CGHV1J070D GaN HEMT die$33]. The paper is organised as follows: The MCHSs of interest,
experimental apparatus and analytical techniques used to determine their temperature distribution and flc
characteristics are described in section 2. The conjugate heat transfer models of the heat sink, heat spre:
and GaN HEMT heating source are described in section 3 and a comprehensive series of experimental ¢

numerical results is presented in section 4. Conclusions are drawn in section 5.

2. Experimental Methodology

2.1. Experimental set-up and procedure

A schematic diagram of the main components of the experimental test rig is deplatgdLiwater from

a~23 litre reservoir is pumped through the flow loop using a miniature diaphragm water pump. The flow
rate is controlled by adjusting the pump speed by regulating the voltage from a DC-power supply and usir
a bypass flow loop and control valve to give a flow rate in the range0QLl/min, as measured on a flow
meter (PLATON NG glass model). Clear plastic tubes with an outer/inner diameter of 4 mm/2.2 mm anc

fittings were used to construct the flow loop.

To measure the water temperature at the minichannel inlet and outlet simultaneously, K-type sheathe

thermocouples with 0.5 mm probe diameter were used by inserting one at the water infetipeitCHS
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and a second just after the water outlet from the MCHS. The water inlet temperature’@aisraQghout

the experiments. To measure the total pressure drop between the inlet and outlet of the MCHSs, a digi
pressure meter was used (model Comark C9555) having a range of 0 to 2.1 bar. Two power film resisto
of resistance 10 Q (MP9100 (TO-247)) were used as a heat source, and each one has cross-sectional are
of 11.5 mm x 14 mm with the maximum power reaching 100 W (62 #/cFhese are mounted at the
bottom of the MCHS. The voltage and current input to the power film resistor heater were controlled by ¢
DC power supply unit with an output range of 0-35 V andA)-#o minimise heat loss to the surrounding
environment, the MCHS copper block was packed inside a bed of insulating fibre glass, and secured with

a clear Acrylic Perspex plastic box of size (10x10x10) with a cover.
2.2. Design and fabrication of the MCHS test sections

Serpentine minichannel heat sink test sections were designed using Soli@®¥ptken fabricated from
copper (thermal conductivity of 388 W/m.K at 20 °C), using a high-accuracy Computer Numerical Control
(CNC) milling machine (FANUC ROBODRIL). The parametric design of the serpentine MCHS model
such as minichannel deptH4,), minichannel widthI{/.;,), fin width (W), footprint arealf x L), heat

sink depth H) and substrate thicknesH,() are kept at 2 mm, 1.&m, 1.0mm, 38 mm x 38 mm, 4nm

and 2mm, respectively, to give 12 parallel rectangular minichanfeds.2(a)shows the isometric actual

view and top view of the MCHS considered here.

Around the top of the heat sinks there is a groove made for an O-ring seal with a depth and width of O.
mm and 1.0 mm, respectively, to prevent water leakage. Each NEG$Sembled with an acrylic plastic

sheet cover which is held onto the copper block by four stainless steel mounting screws (M3 x 0.5) an
sealed with an O-ring. Two 3.0 mm holes with depth of 3.0 mm were drilled on the top side surfaces of th
plastic covers and a male run tee union adapters (M3 x 0.5) are fixed into these threaded holes to provi
the inlet and outlet for the water, and also allow access to measure the water temperature at the inlet &
outlet. To measure the pressure drop between the inlet and outlet, a further two 3.0 mm holes of depth
mm were drilled into the sides of the plastic cover (to match the inlet and outlet positions), with barb fitting

adapters (M3 x 0.5) used to connect the pressure gaudegseé)
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Two power film resistors were attached to the bottom of the MCHS test section using a thin layer of therma
Ethoxy (Electrolube, TCER) with thermal conductivity of 2.2 W/m.K. The thickness of the thermal Ethoxy

layer is measured manually using a digital Vernier caliper, and was found to be 200 £ 7 um. To record th
junction (maximum) temperature of the resistor as accurately as possible, the procedure described in R
[31] was adopted. To measure the wall temperature distribution along the MCHS sample, four K-type
sheathed thermocouples with 0.5 mm probe diameter were inserted in the copper block at a distance
1mm below the minichannel base until it reaches half the width of the MCHS specimen. The locations o
the thermocouple holes, as measured from the inlet of the MCHS and along its length are $kigwn in

2(b). Thermal paste was used to fill the holes to ensure accurate temperature measurement.

Sa andSq which are respectively the Average Roughness and Root Mean Square Roughness are measu
for both MCHS models using the BRUKER-NPFLEX-LA 3D Surface Metrology System, and these were
found to be respectively 1 £ 0.1 pm and 1.2 + 0.1 um for each MCHS model. In the experiments, the relativ
surface roughness/D;,, wheree andD,, are respectively the surface roughness and hydraulic diameter of
the minichannel, is therefore 0.583 x31This is less than the relative surface roughness of stainless steel
micro-tubes (1.76 x 1Dto 2.80 x 1) in the study of Kandlikar et al35] who showed this/D,, had
negligible effect on pressure drop and heat transfer characteristics; consequently the effect of the surfa

roughnesssg) on the pressure drop and heat transfer coefficient is neglected in the present study.

2.3. Experimental measurements and data analysis

2.3.1. Heat transfer analysis

Before conducting any experiments, the rate of heat loss from the MCHS specimen to the surroundings w
first determined. In the present work, the procedure described ifBREhas been used, and the maximum

average heat loss was found to be approximately 6% of the input power to the model.
The average heat transfer coefficielt,(;) can be calculated from Newton's law of cooling as:

q
Ravg = €
e Aesf (Tw,avg - T ,avg)

whereq is the total heat supplied into the MCHS. The average fluid temperature can be calculated a

(Tr.avg = (Tf,l-n + Tf,out) /2), whereTy ;, andTy ,,,. are respectively the fluid inlet and outlet temperatures
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which are measured by the thermocouples positioned just before and after the heat sink test section. T

average minichannel base temperature can be obtained by:

T ?=1 Tw,tci (2)

w,avg — 4
Since direct measurement of the channel base temperature is challenging, it is determined by assuming o
dimensional steady state heat conduction between the thermocouple lacé}iand the minichannel base

in the y direction, the local minichannel base temperafiyg.{) can be evaluated §$6]:

y-q
Twici = Tytei — A k. 3)
T, tci represents the temperature close to the minichannel base wall which was measured experimenta

using a thermocouple, the subscript i denotes the location of thermocouple used to measure the minichan
base temperaturd; denotes the area of the substrate subjected to heat flux, kyhdethe thermal
conductivity of the heat sink material, apds the distance between the bottom wall of the minichannel
and the thermocouple that is embedded to med§yreas shown irFig. 2(b) In the present work, the

heat is transferred to the fluid through three minichannel walls only and the fourth (Top) wall is assume
to be adiabatic. Hencd,, which represents the surface area available for heat transfer and can be
calculated as:

Acrr = Apase T M5 " Afin 4)

The termm, is defined as the fin efficiency assuming an adiabatic tip condition which is correlated by:

tanh(m - H.y,)
Nf=—"——>7_

——T where the fin parameter (m)is given by m = Wk,

()
while 4,,,. andA¢;, represent the minichannel base and fin area available for heat transfer, respectively

Apqse CanN be calculated as:

2

_ T 2 2 WCh WCh
Apase = nWep * Lep +E(n_1)(r1 _T2)+2Wch L—(Ws1 +Wsy +1 + Lep + 2 +m 2 (6)

whereL,, represents the length of the straight minichanngl= L — (2r, + Wy, + Ws,), andW,, and

W, are the outside wall thicknesses, Bag 2(a) The symbols; andr, denote the outer and inner radius
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of the curved minichannel respectively, whereaspresents the number ofinichannelsAy;, can be

determined by:

Wch
2 + 7aWep - Hep (7)

Afin = anCh . LCh + Tl.'HCh(n - 1)(T1 + Tz) + 4HCh <L - (Wsl + WSZ + ™ + Lch +
The corresponding average Nusselt number can be determined by:

gy * D
Ny, = %’1 (8)

wherek, represents theater’s thermal conductivity evaluated at the average fluid temperafjg,(.

4Ach _ 2 (Wch'Hch)

D), denotes the minichannel hydraulic diame(é)hz - —
w ch ch

) , while B, and 4, are
respectively the wetted perimeter and the cross-sectional area of the minichannel.

2.3.2. Total thermal resistance

The total thermal resistanci,f) of the serpentine MCHS can be determined as follows:

Tsurf,max - Tf,in
Rep = q €C))

WhereTs,, rmax IS the maximum surface temperature of the heat sink. The total thermal resistance of the
heat sink comprises three main components which are condukfjyg)( convective R.,,,) and bulk

temperature-riseRy,,,;;) thermal resistancdg87], and can be expressed by:

H, 1 1
+ +
ks'Ah havg Aeff m-Cpf

Rin = Reona + Reonv + Rpwike = (10)

wherem is the total mass flow rate of coolant through microchamet (of - Ve, = Acp). TheCpf denotes

the specific heat capacity of the fluid which is evaluated &fthg;. In this study, the conductive thermal

resistance remains constant since the substrate thickness of the heat sink is unchanged. While convec
and bulk thermal resistances reduce with increasing water flow rate, resulting in lower total therma
resistance. Th&,,,;, is caused by the heating of the fluid as it flows through the minichannels and absorbs

heat[37].
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2.3.3. Pressuredrop analysis

A digital pressure gauge was used to measure the total pressurdRjyalréctly using two plastic tubes
connected to the barb fitting adapters, Beg 2(b) The serpentine MCHS structure maminichannels

and a totah — 1 fins (U-bends), sekig. 2(a) and the total pressure drop is caused by contributions from
friction in the straight minichannels and from the U-bends. The procedures used to caleudate

described in detail in Reff31].
2.4. Experimental uncertainty

The ASME standar{B8] andthe Root-Sum-Square (RSS) method described by Coleman and[S®ele
were used to estimate the experimental uncertainties. In the experiments, an electronic digital Vernie
caliper is used to measure various geometric dimensions of the MCHS test sections. Uncertainties f

various critical parameters are tabulatedamle 1

3. Conjugate heat transfer model

3.1. Boundary conditions

The computational domain and boundary conditions are showig.ir8 No-Slip and wall temperature
boundary conditiomi; = 0 andT; = Ty 4 ey are used at solid walls. At liquid-solid boundaries the
conductive and convective heat transfer to the fluid are coupled by imposing heat flux continuity at the
interface between the fluid and the solid wdH®] as shown inFig. 3(a) whereT;r and T are
respectively the interface temperature for the solid and the liquid. The boundary conditions of inlet flow
areQ;, (m%s) andTy;, = 20 °C while the outlet flow boundary condition is= p,, wherep, is the

pressure at the outlet (0 Pa), as showrign 3(b)

Except at the bottom of the MCHS, all the outer surface boundaries are considered to be adiabatic. Heati
power,q, was applied at the bottom surface of the MCHS using (—k,VT) = q/A;), wheren denotes

the outward normal vector on the boundary of the domiaim. power film resistors of resistance 10 Q

were useds heat sources, each with an effective heating area of 11.5 x 24amdha heat flux of 62
Wi/cn?. To define the thickness and thermal conductivity of the material (Ethoxy) located between the

heater and the base of the heat sink, a thin layer boundary condition was employed, as Blgp\8(cin
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The thermal conductivityk() and thicknessd}) of the Ethoxy layer are respectively 2.2 W/(m.K) and 200

pm.

The thermo-physical properties of water includingp, Co; andk; depend on temperature as shown in
Eqgs.(11-14)[41]:

= 838.466 + 1.40T — 0.00307T2% + 3.72 x 107773 11
Py

pp = 1.38—0.0212T + 1.36 X 107*T2 — 4.646 x 1077T3 +8.90 x 1071°T* —9.08 x 107 137> +

3.846 x 1071616 (12)
Cp, = 12010.147 — 80.407T + 0.3099T? — 5.382 x 107*T> + 3.625 x 107"T* (13)
ks = —0.869 + 0.00895T — 1.584 X 107°T% 4 7.975 x 107°T3 (14)

where the temperatufeis in K. The thermal conductivity of copp&g= 400 W/m.K in all computations.
3.2. Governing equations

A numerical model of the three-dimensional flow and heat transfer in the MCHS was developed under th
assumptions that: (1) the flow and heat transfer are steady; (2) flow is incompressible and single-phase
both the laminar and turbulent flow regimes; (3) the effects of radiation and buoyancy are negligible. Th

Reynolds numberRe) can be calculated as:

_ Pr - Viube " Dn
Hr

Re (15)

wherep, andu, are respectively the density and viscosity of the fluid, wiilg, denotes the inlet
velocity to the tube having hydraulic diametBy ) of 1.5 mm for both MCHS models, seig. 2(b) When
Re < 2300 flow is considered laminar, and turbulent wRl > 2300. Flow is modelled using the

following incompressible, steady continuity and Navier-Stokes momentum equations:

V-u=0 (continuity equation) (16)
pr(a-V)u=V-[—pl+ pus(Vu+ (Vu)")] (momentum equation for laminar flow)(17)
pr(u-V)u=V-[—pl+ (ur + pur)(Vu+ (Vu)")] (momentum equation for turbulent flow) (18)

whereu andp are respectivelyhe fluid velocity vector and the fluid pressure (Pa), bddnotes the unit
matrix. The standaril-w turbulence model has been used to solve the governing equations, as this mode
has been shown to capture the physics well for other similar heat transfer Radié3, 43] Thek-w

model introduces two additional variables: the turbulent kinetic enkrgy?/s?), and specific dissipation
(11)



rate,w (1/s). The transport equations ferandw used in the CFD model are based on those given by

Wilcox [44]:

pr(u-Vk =V-[(ur + urog)Vk| + P, — psBowk (19)
w 2

pru-V)w =V- [(uf + uTaw)Vw] + a—Pr — prBow (20)

k

The production term and the turbulent viscosity are defined by:

Pe = prlVu: (Vu+ VWD), pr=ps g (21)

while the empirical turbulent model constant parameterg3ate

9 9

* *

1
T Ty Wty Py FTig

The heat transfer (energy) equations for the liquid and the solid can be expressed respectively as:

prCou-VT = V- ((k + kr)VT) (22)
V- (ksVT) =0 (23)
whereC, ; denotes the specific heat capacity of the fluid whi@valuated at the average fluid temperature,

HT-Cpf .
Prr ) andPr; is the turbulent Prandtl number

while k4 is the turbulent thermal conductivi<ycT =

(following Kays- Crawford45]). Eq.(22) is the energy equation for the liquid in three-dimensional, steady
and turbulent flow, withu; = 0 for laminar flow. The above flow and heat transfer equations are solved

within COMSOL Multiphysics version 5 21].

4. Resultsand discussion

4.1. Effect of grid density

The effect of grid density on the numerical solutions is investigated using a range of mesh sizes. The he
sink and serpentine minichannel dimensions used in these simulatossnilar to those used in the
experimental set-up, séég. 2(a) Two heatsaurces are used to simulate the experimental work and each
one has cross-sectional area of Ifirf x 14 mm and height of 1.0 mm (déig. 3(c). These are mounted

underneath the MCHS and supply 100 W in total (62 V&ycm

The effect of grid density on the predicted value of the temperature between the heater and the bottom
the heat sinkT(,,c+ion) and total pressure dropKR) is given inTable 2 where grid 1 is the coarsest and
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grid 4 is the finest. Theeresults were generated atvater flow rate ofl06 ml/min (Uin = 1 m/s), with
the water inlet temperature set at 20 °C. The percentage differences between s&luéicnsalculated
with respect to the solutions on grid 4 in each cd$® solutions after grid 3 are effectively grid

independent and all numerical solutions reported below have been obtained using grid 3.
4.2. Model validation

The numerical model was validated against the present experimental work for serpentine MCHSs in tern
of total thermal resistanc®,), total pressure dro@\P) and average Nusselt numbéiug,, ). Fig. 4(a)
compares the experiments against corresponding numerical predictiBpsasfdAP for a serpentine
MCHS with volumetric flow rates;,,) ranging from 0.053 to 0.318 I/min, which corresponds to Reynolds
number of 7474482, and a heat flux of 62 W/émGood agreement between experimental data and
corresponding numerical predictions was obtained, with an average discrepancies of AB%#nd3.2%

for Ryy,.

Generally, it is seen thalP increases anf,;, decreases as tiRe increases. The latter is due to decrsase

in bothR,,, andR,,,;x asRe increases sinck.,,,; remains constant since the heat sink base thickness
fixed at 2 mm. The reduction Ry,,, IS due to the higher heat transfer coefficient while the reduction in
R,k is due to the higher flow rate, see EIP). The minichannel bends at the end of each minichannels
are very influential since they prevent the hydrodynamic and thermal boundary layers from attaining :

fully-developed state, aliievith a significantly increased pressure drop.

Fig. 4(b) compares the average Nusselt numbéis,{,) and the average channel base temperatures
(Tw,avg) Obtained experimentally and computationally for the serpentine MCHS as a function of Reynolds
number ranging from 747 to 298853 < Q;,, < 0.212 I/min) with aheat flux of 62 W/crh To calculate

the Nu,,, values, Eq(8) was used while E1) was used to determine the average heat transfer coefficient
(havg)- Generally,Nug,, increases witlke as the thermal boundary layer thickness decreases with the
increased fluid velocity46]. The numerical predictions are in good agreement with the experiments, with
an average discrepancy of 3.28.,,,, was estimated from the values at the four thermocouples closest to

the minichannel base (see K@) andFig. 2(b). T,, 4, decreases witRe due to the effects of thermal

(13)



boundary layer re-development and good mixing in the minichannel bends. Once again, good agreeme

was found between experimental and computational data with an average discrepancy of 2.4%.
4.3. Serpentine MCHS design optimisation

Heat sinks must be designed according to the conflicting requirements of minimising thermal resistanc
(R:;) and minimising pressure dropK). Here, the goal is to carry out the tndbjective optimisation of
minimising R, andAP for serpentine MCHSs by accounting for two important design variables, namely
the minichannel widtl{iw,;) and the number of minichanngV,,) in the ranges o®.5 mm < W, <

1.0 mm and5 < N, < 10. The optimisation was carried out at constant volumetric flow rag,of

0.10 I/min with an inlet water temperature to the MCHS set to 20 °C, and constant heat flux of 160 W/cm
supplied underneath the heat sink. The atéx (L), substrate thicknes#) and minichannels deptH )

of the heat sink are constant and are respectively 10 mm x 10 mm, 0.5 mm and 1.5 mm. iEh® goal
construct a Pareto front of non-dominated solutions, from which an appropriate compromise design can |

chosen.

The Pareto front is obtained by building accurate metamodels ofA#b#ndR;;,, as a function of the two
design variables. The metamodels are constructed usimiy;tledAP values extracted from numerical
simulations carried out at 30 Design of Experiment (DoE) points obtained using Optimal Latin Hypercubes
(OLHCs), via a permutation genetic algorithm using the Audze-Eglais potential energy criterion to create
an efficient distribution of DoE poin{#g7]. The points are distributed as uniformly as possible when the
potential energy of repulsive forces, which is inversely proportional to the squared distance between tr
points, is minimised48]:
N N

AR s 1
min E“* = min ; j;l 3 (24)
wherelL; ; is the Euclidean distance between the paiatsdj (i # j ) andN=30 is the number of DoE
points. Metamodels fak;;, andAP throughout the design space are built using a Moving Least Squares
(MLS) method[49], with a second order (Quadratic) base polynomial, where a Gaussian weight decay
function,w;, is used to determine the weighting of points in the regression coefficients at each point, se
Eq. (25).
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w; = e 0 i (25)
The parameter; is the normalised distance of the metamodel prediction location froif*teampling
point[47]. By adjusting the closeness of fit paramefietthe influence of numerical noise in the responses
can be controlled. The Pareto front is calculated using a multi-objective genetic algorithm (MOGA)
approach based ¢80, 51] Points on the Pareto front are non-dominated in the sense that it is not possible
to decrease any of the objective functions (i or R;;) without increasing the other objective function.

Fig. 5shows the values of the? andR,; at all of the DoE points and the Pareto front that is constructed

from them.

Fig. 5shows seven points on the Pareto fréatL P,) and a comparison between the calculated values of
AP andR;, from the metamodels at these points and from the full numerical simulations. Agreement
between the metamodel and full numerical predictions is good in all cases with an average error of 1.8
for R;;, and 4.2% foAP, demonstrating the accuracy of the metamodelling approach adopte#ipeke.

also shows the compromise that must be struck between pressure drop and thermal resistance. It shows
example, that achieving the relatively low thermal resistan®g @278 K/W) requires more than eight
times the pressure drop than for the higher thermal resistance of 0.412 KAV Glearly the most
appropriate compromise depends on the particular manufacturing and operating cost and functionali
requirements for a specific heat sink. The subsequent MCHSs used below for the cooling of GaN HEMT

will be based on the design parameters from the Paretofaam€ig. 5
4.4. Cooling of GaN HEM Tsusing serpentine MCHSs

This section presents a numerical investigation into the capability of a water-cooled copper serpentin
MCHS with a footprint of 1Gnm x 10 mm anda thickness of 2.0 mm, based on the design parameters at
Pareto poinPs with 7 minichannels shown irig. 5, to dissipate heat generate from the GaN HEMT. The
minichannel width ¥/,;,), fin width (W},), and minichannel deptlt{,) are kept at 0.75 mm, 0.594 mm,

and 1.5 mm, respectively. The inlet water temperasset at 20C. A heat spreader having the same base
areaasthe serpentine MCHS with different thickness was attached directly at the bottom of the heat sin}
base, with 50 um thick of 80Au/20Sn solder mounted between the heat spreader and the MCHS as

bounding material. The thermal conductivity of the solder is set to 57RNAS].
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As a typical heat source, a CREE CGHV1J070D GaN HEMT3@igs selected for studyFig. 6(a)shows

a schematic of the transistor layout showing multi-fingered configurations, where source (S), gate (G), an
drain (D) metallizations are indicated. One GaN HEN§Tsimulated, having an area of 4800 x 800*pum
and a thickness of 2 um, and located at the centre of the MCHS. The transistor is composed of 72 ge
fingers that are mounted on the top surface of the GaN transistor to dissipate a total power of 70 W. Tt
length {;) and width ;) of each gate are respectively 0.25 um and | 250Almost all of the heat is

generated under each gate finged].

Single-phase, laminar flow conjugate heat transfer simulations are performed for a whole serpentine MCH
using COMSOL Multiphysics v.5.2 and the same assumptions usestdtion 3.1 The computational
domain and boundary conditions used are showign6(b) Except at the bottom of the MCHS, all the
outer surface boundaries (other than the flow inlet and oateejonsidered to be adiabatic. The heat flux

of 1823 W/cm is applied to the 72 gate fingers resulting in a heat flux of 1.556 M¥\¢@ded on each

gate finger, with a power density of 3.89 W/mm. The effect of four different heat spreader mterial
investigated: silicon (Si), silicon carbide (SiC), diamond and graphene (few-layer graphene). The
temperature-dependent thermal conductivity of the Si, SiC, the diamond heat spreaders and the GaN lay:
are taken from referencgk8, 52] while for the copper heat sink the thermal conductivity is assumed to be
constant. Following[25], the thermal conductivity of the few-layer graphene heat spreadéth
thicknesses ranging from 5 um to 25 um, are taken to have the constant value of 2000 W/m.K. The thermr
boundary resistance (TBR) between GaN and heat spreader is included, and the value is assumed to
3.3x10% m?.K/W for all heat spreaders usgtB, 25, 53] The thermal properties and thickness of each

material used in the simulations are listed @ble 3

A 50 nm silicon nitride (SiN) layer was mounted on the top surface of the GaN HEMT to serve as device
passivation and a nucleation dielectric for diam@a]. A 2 um nanocrystalline diamond (NCD) layer was
implemented on top of the SiN layer to mitigate the problem of self-heating of the GaN transidtag.(see

6(c)), the details of these two layers can be fountahble 3

4.4.1. Effect of grid density
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The effect of grid density on the numerical solution of the conjugate heat transfer problem with both
serpentine and straight rectangular MCHSs, a diamond heat spre@dd, transistor and a NCD layer
within a SiN as a passivation surfasexplored using four different mesh sizes, as indicatdaloe 4 In

order to facilitate a fair performance comparison between the two different MCHS both heat sink model
share the same design parameters, and the dimensions of the Pare®g ipaptected as the optimum

design for the serpentine MCHS model.

A tetrahedral mesh is generated to discretize the domain, with increasing grid refinement in the region ¢
the GaN HEMT and gate fingers where the local heat flux is very high, as showg. i6(d) The
volumetric flow rate and inlet temperature of the water are set to be 0.10 I/min &Dgdr@fpectively. The

heat flux density applied for each gate finger was 1.556 M/(tme total power supplied on the GaN
HEMT is 70 W), anda 300 pm thick diamond heat spreader is used. As showlralae 4 for the
conventional straight rectangular MCHS, compared to the results of a griél 3 rfillion elements), grid

2 showed a 3.1% change in the maximum chip temperdtyre)( whereas using grid 4 resulted in only a
0.9% change iff,,,4,. Similar behaviour was found for the serpentine MCHS so that grid 3 was used in all

subsequent numerical solutions.

From the comparison between both heat sink designs, the maximum tempé@&}afuréof the serpentine
MCHS with diamond heat spreader and NCD layer is 6%C7@ompared to 72.6% for the conventional
straight rectangular MCHS. This is due the influence of the minichannel bends in the serpentine MCH}
which disrupt the hydrodynamic and thermal boundary layers and maintain a state of developing flow
[31,32] However, the differential pressure between the inlet and outlet of the serpentine channel i

significantly higher than those from straight channel.
4.4.2. Validation against previous studies

The numerical solutions for the GaN HEMTSs cases were validated against the experimental results of He
et al. [18], which used eight GaN resistors (each size 350 x 150witim a heat flux between 2.381.9

kW/cn?) with 10-50 W total power mounted on a diamond heat spreader to enhance the hotspot cooling
capability of a single-phase water-cooled straight rectangular microchannel heat sink. The conjugate he

transfer problem for the entire straight rectangular microchannel heat sink, heat spreader and GaN HEM'
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system was solved numerically for comparison with Han ¢18J. The water flow rate across tbeeire
microchannel heat sink was fixed at 0.4 I/min, leading to a laminar flow regime. As illustré&igd Tita)

good agreement was obtained between Han’steaperiments and the simulation results for maximum

heater temperaturd’f,,), with an average discrepancy of around 4.2% for the cases with and without a
diamond heat spreaddtig. 7(b)compares the temperature distribution across all the transistors between
those measured by Han et [@l8] and the current simulation at total power of 50 W for cases with and
without diamond heat spreader. Again good agreement was obtained with an average discrepancy of arot

5.3%.
4.4.3. Effect of heat spreader materials

The effect of heat spreader material, namely Si, SiC and diamond is investigated numerically with an
without an NCD layer. The thickness of the heat spreadgys ;.») are fixed at 300 um and a heat flux

of 1823 W/cniis dissipated from the GaN HEMT. Once again 7 minichannels of width 0.75 mm are used
while the GaN transistor dimension are showfim 6(a) The effect of the heat spreader material, NCD
layer andQ;,, onT,,., With a water inlet temperature of 20 under laminar flow conditions can be seen

in Fig. 8 TheT,,,, values decreasas flow rates increases for all cases studied and these decrease
significantly when the diamond heat spreader is used, whereas the inclusion of the SiC and especially
heat spreaders have a deleterious effedl,gn compared to the case when no heat spreader is used. This
is due to the fact that the Si has much lower thermal conductivity than SiC, Cu and diamond, and that i

thermal conductivity reduces further as the temperature increases.

Integrating a 2 um thick NCD layer on the top surface of the GaN HEM®@ s$igsificant effect o7,

for all heat spreader materials used. For examplg,,at0.10 |/min,T,,,, for the serpentine MCHS with

both diamond heat spreader and NCD film is 68C,@ompared to 90.6&€ and 124.7C for the serpentine
MCHS with just diamond heat spreader and the serpentine MCHS without both heat spreader and NC

layer, respectively.

Fig. 9 shows the effect of heat spreader material (Si, SiC and digroantthe temperature distribution
across 72 gate fingers mounted on the top surface of the GaN transistor and capped with a layer of NC

for the case withQ;, = 0.10 [/min, tspreqaer = 300 um and heat flux of 1823 W/énthese were

(18)



compared with the serpentine MCHS without both heat spreader and NCD layer. As expected based on 't
above results, the maximum gate temperature was found for theo@&&\ heat spreader case, while that
for the GaN-on-diamond heat spreader was the lowest. Note that the maximum gate finger temperature fc

all heat spreaders are lower than the critical operating condition temperaturc{22p
4.4.4. Effect of heat spreader thicknesses

The effect of heat spreader thickness is now investigated, using thicknesses ranging from 100 pum to 6
um for cases witl®;,,= 0.10 I/min and heat flux of 1823 W/énThe numerical simulations are conducted

for the serpentine MCHS with different heat spreader materials (Si, SiC and diamond) without using al
NCD layer, to examine the effect of the heat spreader alone on the temperature of the GaNFigEMIT.
shows that increasing the heat spreader thickness has relatively modest benefits for diamond and SiC h
spreader thicknesses less than about 300 pm, after which increasing spreader thickness has no signific
benefit. In all caseg,,,, increases progressively from diamond to SiC heat spreaders. In contrast, for the
Si heat spreaders, the comparatively low thermal conductivity means that increasing spreader thickness
actually detrimental witff,,,, increasing from around 20 to 253°C as spreader thickness increases

from 100 pum to 600 pum.
4.4.5. Few-layer graphene heat spreaders

Graphene has demonstrated an extremely high intrinsic thermal conductivity, which is approximately 530
W/m.K at room temperaturi®4] for a single atomic plane of graphene with an approximate thickness of
0.335 nm. For few-layer graphene (FLG), the thermal conductivity decreases drastically as the number
layers increases, and will soon approach bulk graphite(t2@00 W/m.K)[22, 55] Although the thermal
conductivity of FLG has not been reported yet, it can be expected to be between the values measured
single-layer graphene and bulk grapHi® ,24] Since the properties of graphene are functions of its
number of layers, it is important to know the number of graphene layers, and this can be calculated k

dividing the measured graphene thickness on the single-layer graphene thickness (0.E&g.mm)

Fig. 11 shows the simulated maximum temperature of the GaN HEMTs as a function of the thermal
conductivity in the range 1000 to 5000 W/mK and thicknesses of the graphene heat spreadet (

tspreader < 25 pm). For a 5 um thick graphene heat spreader, the number of graphene layers is aroun
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14925, while for a 25 pum thick spreader there are approximately 74626 graphene layers. Figure 11 sho
that as the thermal conductivity and thickness of the heat spreader increase the peak temperature
alleviated due to an increasing heat flux directed away from the hot spots. This behaviour is consistent wi
the finding of Subrina et al24] through conducting a numerical simulation to address the thermal
management of nano-electronic circuits. They observed that increasing of the graphene heat spreac
thicknesses (layers) together with thermal conductivity leadslézrease in the maximum temperature of

a chip.

Fig. 12shows the temperature distribution at the interface between the heat spreader and the GaN HEM
using serpentine MCHS with and without an NCD film for a heat flux of 1823 Y\dood;,, of 0.10 I/min.

The ten gate fingers located in the middle of the GaN HEMT were used for comparison. Due to the
sufficiently thick layers of graphene used in the present work, it can be assumed that the therms
conductivity of graphene recovers to values of high quality bulk graphite (2000 W/m.K), this approach wa:
also adopted by Reddy and Dulikravi@®]. The maximum temperature at this interface for the heat sink
with both the graphene heat spreader with thickness of 25 um and NCD layer i€96vhile that of the

heat sink with the graphene heat spreader alone is I23shggesting that using an NCD layer leads to
much more effective mitigation of hot spots. The two cases have been compared with the serpentine MCF
has both the diamond heat spreader with thickness of 25 um and NCD layer, and the maximum temperatt

was found to be 101%.
5. Conclusion

This paper has shown that water-cooled serpentine MCHSs can provide effective thermal management
the GaN HEMTSs that are increasingly popular for radar frequency and microwave applications. It has als
shown that the serpentine channels, which play a crucial role in disrupting thermal boundary layers t
improve heat transfer, provide better heat transfer capability than conventional ones based on straig
channels, albeit with a significantly larger pressure drop. The latter can, however, be reduced by caref
optimisation of the MCHS geometry parameters and the multi-objective optimisation carried out here ha
demonstrated clearly the compromise that can be struck between maximum heat transfer and minimu

pressure drop for serpentine MCHSs.
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The role of heat spreaders and heat spreader materials has also been investigated and the numet
simulations have shown that from a list of graphene, diamond, SiC and Si, graphene is the most effectiv
followed by diamond at reducing both peak chip temperature and peak heat flux over hot spots. Howeve
the temperature-dependent conductivity of SiC and Si mean that these heat spreaders are detrimental .
increase the maximum chip temperature compared to the case without a heat spreader. Further, 1
numerical results showed that increasing the heat spreader thickness yields modest benefits for diamo
and SiC heat spreaders with thicknesses less than about 300 um, after which increasing spreader thickr
has no significant benefit. In contrast, for Si heat spreaders the comparatively low thermal conductivity
means that increasing spreader thickness is detrimental and leads to an increase in the maximum ¢
temperature from 207C to 253 as the spreader thickness is increased from 100 pm to 600 um. These
results provide useful information for the optimisation of the thermal design of heat sinks for GaN HEMTSs.
Using an NCD thin layer has alsssignificantly beneficial effect, where its ability to dissipate high heat

flux from a GaN HEMT leads to a significant reduction of the chip temperature and improved mitigation

of hot spots.
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Table Captions

Table 1. Uncertainty for various critical parameters of serpentine MCHS.

Table 2: Grid independence tests.

Table 3: Thickness and thermal conductivity of the materials used for simulation.

Table 4: Grid independence tests.

Table 1. Uncertainty for various critical
parameters of serpentine MCHS.

Variable Absolute
uncertainties
Channel width (/) 4 um
Channel heightH_) 5um
Channel lengthI(.;) 15 um
Fin width () 3um
Hydraulic diameter[;,) 1.2%
Volumetric flow rate Q;,,) 0.65-1.27%
Temperature®) 0.3°C
Pressure dropAP) 3.6-9.2%
Thermal resistancek(,) 2.8-7.3%
Nusselt numberNu) 3.0-6.8%

Table 2: Grid independence tests.

Heat sink model Grid No.  Number of elementsx10%  Tjyncrion (°C)  E% AP (Pa) E%
1 1.655 57.9 6.2 6632 7.6
Serpentine 2 2.269 56.4 3.5 6411 4.0
MCHS 3 3.372 55.1 1.1 6243 1.3
4 4.209 54.5 — 6162 —
Table 3: Thickness and thermal conductivity of the materials used for simulation.
Material Thickness [um]  Thermal conductivity [W/(m.K)] Ref.
Si 100 - 600 kg; = 152 x (298/T)1334 [18]
SiC 100 - 600 kgic = 387 x (293/T)*4° [52]
Diamond 100 - 600 kpiam = 1832 x (298/T)*305 [18]
GaN kgay = 141 x (298/T)1211 [18]
Few-layer graphene 2000 [25]
Cu 385 [18]
80Au/20Sn solder 57 [18]
NCD 500 [28]
SiN 15 [28]
Table4: Grid independence tests.
Heat sink model Grid No.  Number of elementsx10® T4, (°C) E% AP (Pa) E%
1 2.824 69.12 6.3 26344.8 4.62
Serpentine 2 3.732 67.38 3.6 268936 2.64
MCHS 3 5.056 65.70 1.0 272873 121
4 6.109 65.04 — 27622.4 —
1 2.232 76.20 5.8 108.95 5.50
Straight 2 3.211 74.23 3.1 111.23 351
MCHS 3 4.546 72.66 0.9 113.77 1.31
4 5.674 72.01 — 115.28 —
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Figure Captions

Fig. 1. Schematic diagram of the experiment setup.

Fig. 2: (a) 3-D isometric actual and top view of a serpentine rectangular MCHS design; (b) Exploded view of

serpentine MCHS model, all dimensions in mm.
Fig. 3: 3-D view and back side of serpentine MCHS design used in the simulation; (a) Conjugate heafofransf
the MCHS; (b) Isometric view; (c) Bottom side of the MCHS.

Fig. 4. (a) Pressure drop and thermal resistance; (b) Average Nusselt numbers and average channel base

temperature as a function of Reynolds number for serpentine MCHS at input power of 100 W.

Fig. 5. Pareto front showing the compromises that can be struck in minimising hatidRP together with seven
representative design points (e.g,.P, P;) used for the MCHS performance analysis.

Fig. 6: (a) Top view of transistor layouts, showing multi-fingered configurations: Source (S), gate dGyaam
(D) metallizations are indicatddl dimensions irum); (b) 3-D view of the serpentine MCHS design with
boundary condition; (c) schematic of GaN HEMT with NCD heat-spreading film; and (d) the liémiters
mesh using grid 3 as shownTable 4

Fig. 7: Validation of the current numerical simulation against experimental work of Har{E]dbr (a)
maximum transistor temperature at different total heating power; (b) temperattibeitiss along the

transistors.

Fig. 8: Effect of theQ;,, on maximum heater temperature at different heat spreaders (Diamond, SiC and Si) with
and without NCD layer, at heat flux of 1823 Wkamdty,eqger = 300 um.

Fig. 9: Temperature profile in the longitudinal direction across all gate fingers atuneaf 1823 W/cr, Q;,, =
0.10 [/min andtsp,eqqer = 300 um.

Fig. 10: Effect of the heat spreader thickness on the thermal performance of the structurediffei@nt heat
spreaders (Diamond, SiC and Si)Qat = 0.10 I/min and heat flux of 1823 W/cin
Fig. 11: Maximum temperature of the GaN HEMT as a function of the thickness-dependent thermal @ioynducti

of graphene heat spreaderQat = 0.10 [/min and heat flux of 1823 W/cin

Fig. 12: Temperature distributioRQ) at the interface between the heat spreader and GaN HaMjraphene
spreader without NCD laygfb) diamond spreader with NCD layer; (c) graphene spreader with NCD layer,
at 1823 W/crty Q;;, = 0.10 I/min andtsy,eqqer = 25 um.
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