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Abstract—This paper presents the finding of thermal greater thermal conductivity, higher cost and better matched
characterization of polycrystalline diamond for power  coefficient of thermal expansion to silicon and silicon carbide
semiconductor device modulesn a converter. Comparisons of  power devices Fig. 3 shows adisaggregation of the overall
gias?;riﬁd g]leé’g?a'mgzgoé?;?n”oc: d(glé‘é"‘;ﬁ;ﬁé’é":Odaelrl?r?]?nssﬁtgfa thermal resistance from the silicon die to case considering an

g AIN substrate attached to a copper heat spreader. As shown,

copper forced air cooled heat sinks; show that power dissipation . .
can be increased from278W to 535W when compared to the heat spreader and substrate contribute substantially to the

commercial products operating at a case temperature of 100°c  Overall thermal resistance, therefdsg using a tile material
and a maximum junction temperature of 175°C Detailed with combined hlgh thermal COI’]dUCtIVIty and hlgh critical

converter simulations of a two level thregohase inverter driving electric field strength, such as diamond, significant reductions
a 15kW permanent magnet machineshows that using diamond in the overall thermal resistance can be achieved, resulting in a
can increaseactive power density from 1kW/kg to 17kW/kg ata  subsequent increase power density of thmower
coolant temperature of 100°C and a flowrate of 6 liters per semiconductor modulahich can be exploited by the power

minute. electronics converter
Keywords—Power electronic converter sizing, Diamond heat
spreadersPower Density, Power electronic systems. Case Power Terminals Gate
M ] fTermina[
Silicone Gel

I.  INTRODUCTION Wire Bonds J—_ | | J . Hlcons Ge
There is a significantdemand for power dense power .~ Substrate
eIeptrom_c systems driven by the_ necessity for mc_:reased POWE ¢ er < _ Copper
rating within a given footprint.Fig. 1 shows a typical cross metallization

section of a power semiconductor moduléor a given
semionductor device solution, the realizable power rating is
limited predominantly by the ability to dissipate the power
loss generated by the device whilst maintaining the junction
temperature within its maximum operating temperature limit.
Fig. 2 shows the thermal path from the semiconductor die to
ambient  The power loss which can be tolerated is itself Insulation
inversely proportional to the thermal resistance from the (ceramic)
junction to the surrounding ambient Reliability of the
semiconductor devices are significantly affected by maximum
junction temperature and temperature swing, imposing
maximum limits with respect to device type and packaging
technology. Therefore, one of the key options to increase
converter power density is to reduce the junctmoase Ambient
thermal resistancgl][2][3] by using materials witcombined
high dielectric strengtand thermal conductivity.

Power semiconductor device modules generally use

alumina (AbOz) or aluminum nitride (AIN) for the isolation ; : . . . .
o material for active electrical devicgs], packaging materi
layer between the top and bottom metallizatizryers ¢l p ging ]

Generally, AiOs is used for low cost products whereas AIN iSor heatsinkg8]. Due to thehigh substrate cost, diamond coated

. D layers are normally preferred whereubstrate material, AIN for
targeted towards higher performance applications due to |{sy yp ©

Baseplate (AISiC or Cu)

Fig. 1: Crosssection of a typical power semiconductor device module
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Fig. 2: Thermal path from die to ambient

Diamord has directed much attention as an alterna



the anode/cathode sites were sized to obtain current levels
greater than 200A.

To assess the performance of the demoimsgaa
Temptronic ThermostreamP0431Q0 was used as an air
supply, and the devices were subjected to a maximum DC
"\ Top Copper current loading of 80Ao selfheat the samples @ junction
| 4% temperature ofpproximately 158C. To determine the case

temperature, average temperature readings were iahfomm
four thermocouples embedded within the heat ,sink
surrounding the diamond tile. Two passive probes were used
to determine the anode and cathode voltage and deduce
forward voltage dropof the Device Under Test QUT).
Current measurements were penfed with Agilent 30A and
150A DC current probes (N2783A/N2781A)ig. 6 shows
the thermal test rig and a diamond demonstrator under test.
After the demonstrator has thermally stabilized, the die is used
as an indirect temperature sensor by reference the measured
forward voltage drop and DC current level to calibration
Fig. 3: Disaggregatiomf thermal resistance contributions for a silicon die curves as shown irFig. 7 and Fig.8. From the junctiofio-
attached to an AIN subste with a copper heat spreader case temperature and the power levels the thermal resistance
. e ) of the sample can be determined.
example, is coated with thin diamond film[9]. These have Mcfasured junction and case temperature with respect

shown improved thermal performance of thebstrate to input power of the IGBT die is shown fiig. 9. As shown,
medium; howeverdue to the binding materials, these do not

hi he full iathat di d ff e as the pplied DC power increases the junction and case
achieve the full potentiathat diamond can offer. Simulation e neratures increases a resulof the thermal flux. Fig. 10

and small scale electrical results have been previouslghows the measured junctitmcase thermal resistance

reported for dies attached to Chemical Vapor Depdsit .50 \ated from this measurement data. FarDT, at a die
(CvD) and polycrystalline  diamond [11][12][13], ' '

demonstratingmprovements diamond can offer in terms of

Bottom copper
3%

thermal resistance bymeans of small scale electrical s Sl
measurements or numerical modellingn this pagr the
performance of a diamond demonstrator consisting of silicon Die 8 HaVokoge
and silicon carbide power devices attached to a metallizec  Anode bonds
polycrystalline diamond substrate investigated. After tile Die A
assembly, these are subsequently attached to a copper Aniode bonds
aluminum & cooled heasink. These devices are thermally T S ares Gate Electrode
characterized up to a loading of 200W (~200Wigrtypical Bond Area A Date oo
coqdltlons the devices would exh|p|t during power rating of & | 4ar source Ermitter Bond
typical module[16]. Thermal resistanceneasurements are Bond Area B e Elatiais
used to predict performance benefits of a module consisting o
a diamondtiles compared to commercially available power
semiconductor modules using the same IGBTtetiénology
Ground Electrode] Mid-peoint electrode
II. DIAMOND DEMONSTRATOR

For thediamond demonstrator, two hesihk materials were Fig. 4: Top copper layout of the demonstrator
considered, vizaluminumand ©pper. These were forced air
cooled heat sinks combining fin and impingement cooling
techniques. To measure tile performance, a simple chopp s
circuit was implemented on the topetallizationlayer. Fig. 4 e} J
shows the top copper layout and power circuit used for th*s
demonstrator. The layout was design to ptck x 100A
1200V IGBT[14] and 2 x 1200V 50A Schottky diodgk5] to
give a maximum current rating of approximately of 100A. An
exclusion zone of 1mm was incorporated around each die a
bond areaand a2mm tracking distance between high and low}
voltage lines was usedThe bond landing sites for the gate |
and emitter sense are sufficient to accepib®ire whereas

Fig. 5: Diamond tile post wire bonded and attached to the inkats
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Fig. 7: Measured currentoltage characteristics of IGBT die at various
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thermal loading of 150W, a junctign-case thermal
resistance of 0.19K/W is obtained. The nonlinear
relationship between power and thermal resistance is
attributed to the thermal spreading of the DWith applied
power Measured thermal resistance of the silicon carbide
Schottky diodes and both copper and aluminum heatsinks are
shown inTable 1. As shown, the devices attached to the
copper heat sink obtain lower thermakistance, due to its
higher thermal conductivity compared to aluminurig. 11
compares the IGBT junctieto-case thermal resistance of the
diamond demonstrators to commercial products using the
same die[16][17][18]. For this comparison, the diode
technologies have been disregarded due to difference in
current rating and device type. As shown, the ntagei of
measured thermal resistance of the diamond demonstrators is
significantly lower than that of the commercial products. This
reduction in thermal resistance can effectively increase the
device power rating from 278W to 395W/535W for the
aluminum/coper mounted demonstrators respectively,
assuming a maximum junction temperature of ‘C78nd a
case temperature of 1@
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Fig. 9. Measured junction and case temperatures of the IGBhéadiamond
tile attached to the Aluminum agsink with respect to temperature
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Fig. 10. Calculated junction to case thermal resistance of the IGBT for t
diamond tile attached to the Aluminum heatk with respect to temperature



For the machine and operating conditions, the maximum

Tablel:Measure thermal resistance for IGBT's and diodes attached to the voltage applied across the phase windingg (ould be 101V

diamond tiles at a thermal power loading of 150W

HeatSink Thermal resistance taken at 150W thermal load
IGBT SiC Schottky Diode
Aluminum | 0.19 K/W 0.13 KIW
Copper 0.14 KIW 0.091 K/W

Diamond-Cu

Diamond-Al

Semitrans2

Semix

Miniskiip 3

T
0.2 0.3

RTH JC (K/VV)

0.0 0.1 04 0.5

Fig. 11:Thermal resistance comparison on the diamond demonstratol
comparedo commercial technologies using the same IGBT die

I1l. POWER CONVERTERMODEL

To measure the impaatdiamond tile has on the size
of a power electronicsconverte, a power electronics sizing
tool was developed to study the impact of diamond timese
phase invertedriving a 15kW machine, as shown kig. 12.
The size and weight of the DIthk capacitor and heatsink are

calculated to drive the machine in a motoring condition at
20krpm sourcedfrom a 270V DC network. The permanent

magnet motor is a four pole machimgth a back emf
coefficient of 21mV/rad/s, phase seéifluctance of 98, H

(2) giving a maximum output phase current of 244A (4).

V= [View” — V2 @)
VD(’.’
V._ = 3
v
L,=>*
X 4

Therefore at this speed the maximum output from
machine is 16kW, for this analysis this was reduced to 15kW,
i.e. at a point where the converter modulation index is close to

1.
I, |
—_— —
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r - [ |
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Fig. 12: Circuit under study

DC-Link
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Fig. 13: Single phase representation of the converter

In order to size the power converter, the losses
associated with the semiconductor devices need to be
calculated with respect to the operating condgj@ssociated

and resistance of30m2. Due to the power factor of the fom when the device is operating in thesiate and during

converter operating at this specific design point, the convertefjiching trasiens. The power factor of the converter can be

has to be rated at ~25kW to supply the 15kW load. obtained by (5), from tich the average and rms current levels
To calculate the power losses in the semiconductogeen from the IGBT{Q) and antparallel diodes (D)f the

devices a single phase equivalent was considered assuminggividual phase legsan be obtained6-7), where mis the
that dl phase currents and voltages are edfi@, 13. Usinga  odulation index19].

space vector modulation strategith a modulation index of
1, the maximum voltage applied from a singléputphase is

limited to 110V, as given by (1). PF = cos (tan ©)
I =]
_ Ve ) Grms 7w
i-N
V23 1 M;cos(PF) ©)
Iprms =l [g=——3—

3



1 m;cos(PF) Ty
Igave = 1Ip (— + I7) Ripa = 1&

; . ( 1 micos(PF)) ™ Rina = Rpv + Ry (15)
Dave — Ip\5-~ 7 g 1 0.5
H Rryn = E(RTH@) + Vpci (16)
p.fluid

From (57) the on state losses of the IGBT and diodes can be
calculated by using (8) whergps is the effective orstate
resistance and Ms the knee voltage of a linearized current
voltagecharactestics For this analysis, the knee voltage and
ortstate resistance have been extracted at a maximum juncti
temperature of 15G.

Poon =1y RMS2RQDS + Ip aveVig ®)

PDON = J['D1‘]E1‘\*1’52R!.)DS + ‘JDAVEV}(D

Switching losses of these components are obtained from (9
where kis the IGBT switching frequency o#Eqx arethe turn
on/off losses from the IGBT and.Bhe reverse recovery
losses fom the power diode.

Fig. 14: Equivalent circuit diagram used for heatsink design
P, = Es(Eon + oy + Err) ©) Due to absence dPC link voltage qualityfor the
T proposed applicatigrthe size of thé&C-link capacitane can

be determined by it associated power lossg#srnal thermal

resistance, hot spot and ambient temperature (17); where T
Of, Resr Rn ca and t are thehot spot/ambient temperature,
series resistance, thermal resistance and capacitors RMS
currentrespectively For this analysia 700V 280uH power
electronic capacitor used as a unit size which is assumed to be
operating inan ambient temperature of and a maximum
eahotspot temperature of 85[22].

The overall semiconductor power losses are the sum of the
state and switching losses{8). The semiconductor power
losses and their thermal rat;gre used as inputs for the
heatsink sizing tool.

The heatsink considered in the model is a liquid
cooled cold plate using a glycol/water mix of 25% at
temperature of 16@. From the physical parameters of th
coolant and flow rateghe Nassks numbe is obtained whether _ 5
the fluid is in turbulent or laminar flow. From thithe Te=Ta+ Icrms ResrRen c-a 17)
thermal resistance of the equivalent resistive network is solved
(10-15) where the total thermal resistance is given by gt) The capaitor current consists of twaurrent components
heat transfer coefficient for the heatsink dbtained[21].  originating from the fundamental and high switching
Depending on the footprint of the power module and thdrequency harmonics. The current due to the funddahe
required heat sink argéhe module/heatsink assembly is sized.frequency is given by (18ith respect to the modulation
For this analysis, themallest heatsink area is limited to the index, phase current and power factothef convertef22].
footprint of the power mode.

V3 V3 9
N A = D i o B V
h= =2 ) o IN’WJ[ZM‘{M Feos ¢(n 16M‘)” (18)
h
1
Ry =— (11)  The high frequency capacitor current originating from the
hLc phase ripple current due to tH®&WM frequencyand load
1 inductancecan be expressed as (12¥], with respect tdhe
12
@ hLByy, (12) position within the space vector reference frafde gnd the
05¢c product of MCos@).
Rew =1 (13)
0.5 (W - BM;) Liys For: <9<60 and 0<Mcos()<1/3

1
Ly = E(VDCMiCOS(ﬁ)to) (199



For: 1/3<Mcos@)<1/sqrt(3) size. Due to the influence switching frequency on the size of
the heatsink and D@nk capacitor, a maximum power density
is achieved when their combined influences are at their

) VDCMI,CGS(,g)t_“Jr minimum. For example, at low switching frequencies power
Iy =— 2 (19b)  density is limited by the size of the Elidk capacitor as a
L, (VDCMvcos(ﬂ) _ @) t, result of high output ripple currents whereas at high switching
! 3 frequency heatsink size dominates due to increased power
0°<9<60P 5 00F 400 f
4.508+00 J
to 4008400 /
2 VDC MiCOS('IB) ? + 3506400 /
L, =— (19¢) £
L) Vbe £
P (VDCMicos(ﬁ) + —) t, ]
3 2 Jsoem
IV. ANALYSIS OF POLYCRYSTALLINE HEAT SPREADERS -

To analyseghe impactof polycrystalline diamondequations

(1-19) are implemented into Mathworks Matlab. For this

analysis,a 1200V 100ASemiTrans416] module wasised as . .
the base line IGBT technology for each phase leg of the PWM Frequency (Hz)
converter The jurction to case thermal resistance was
modified to represent a diamond tile technologyThe
influence of PWM frequency upon heatsink weight is shown
in Fig. 15. As semiconductor losses increase with frequency
the area of the heatsirikcreases in order to maintain junction
temperatures within their thermal boundaries. Therefore, for
low PWM frequency, the heatdi mass is constantue to
limits imposed by the moddb limit heatsink areao the
module footprint As the switching frequency increases,
eventually the heatsink area is greater than that of the modt
footprint and therefore mass increases significamtyyshown

in Fig. 15 when switching frequency is increabk beyond
5kHz.

Fig. 15: Influence of PWM Frequency upon Heatsink Weight.
(Baseline ¢chnology, coolant flowate=8.PM, T¢ooan=100°C Fnax=150°Q

250.00
200.00
150.00

100.00

Capacitor Current (A)

50.00

Fig. 16 shows the influence of ripple and 0 5000 10000 15000 20000
fundamental capacitor currentith respect to switching Switching Frequency (Hz)
frequency The DC-link capador is sized on its total current,
consisting of thewm of the fundmental and high switching
frequency components At low switching frequeries, the Fig. 16: Influence of PWM frequesy and capacitor ripple current
high frequency current component dominatepacitor size  (Basline chnology, coolant flowate=10LPM, Tooan=100°C Fna=150°Q
due to significant ripple current in the output phase current;
whereas for a high frequency capacitor current imidated losses. Fig. 18 shows the influence of coolant flow raipon
by the fundamental current componeRbr example, at a low gravimetric powerdensity of the power converter for a
switching frequency a D@ink capecitance of five parallel benchmark module and malé using a diamond tile substrate.
capacitorss required to maintain the hotspot below 85°8s  As shown, due to the lower junctido-case thermal
the switching frequency is increased beyond 9kHz, ithis resistancethe gravimetric power density saturates at 17kW/kg
reducedto a single capacitor due to the reduction of ripplecompared to 13kW/kg for theenchmark modulat a coolant
current as the capacitor size is governed by the fundamenfldw rate of 6 liters per minute and a maximyonction
currentcomponent temperature of 150°CThis is a direct result of the switching
When the sizes of heatsink/module assembly andrequency reducing the sensitivity of heat sink size with
DC-link capacitanceareknown, the total weight of the active respect to frequency and enabling a smaller combined heatsink
componentsan be calculated for a givaperatingcondition.  and DClink capacitor size. Due to the relationship of power
Fig. 17 shows the influence of PWM frequency upondensity and thermal boundari€sg. 19 shows the dependency
gravimetric power density of the converter at a heatsinlof gravimetric power density with respect to maximum
flowrate of 10 liters per minute The stepped nature dfis  junction temperature. As shown, as the junctmoase
figure is due to the capacitor reducing in discrete componet¢mperature reduces the diamond solution provides improved

Fundamental —=——Switching Frequency



gravimetric power density as the converter can operate at a

higher switching frequency, reducing the size of the bk

V. CONCLUSIONS

This paper presents thermal characterization of power

capacitance. However, as the junction temperature increasgSmiconductor device attached to metallized polycrystalline

the power densities eventually odap, showing no bendfi
for the diamond technology. This

dominated by fundamental current component.

Gravemetric Power Density (Kw/kg)

PWM Frequency (Hz)

Fig. 17: Influence of PWM frequency upon gravimetric and volumetower
density(Baseline ¢chnology, coolant flowate=10LPM, To0an=100°C

Tima=150°Q
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Fig. 19: Gravimetric power density with respect to maximum Junction
TemperatureQoolant flowrate=6 LPM,T¢o01an=100°Q

diamond tiles. The diamond demonstrator shows that

N , is due to the highet,mpared to current substrate technologies,a maximum
switching frequency obtained from the diamond componer]hnction temperature of 175°

has not resulted in a reduction in 8iGk capacitance as it is e

C and a base plate temperature of
C the maximum dissipated power can increase from
278W to 535W.Electrothermal simulationsf a 1%kW three
phaseapplication shows that polyrystalline diamond tile can
increaseactive conveer power densityfrom 13XW/kg to
17kW/kg when operating at a coolant flow rate of 6 liters per
minuteand a maximum junction temperature of 150°This

is due toreduced ripple current in the output current and
smaller heatsink size. Simulation resullso show that
predicted gravimetric power density is highly sensitive to the
cooling system and its limithermal limits Simulations show

for high junctionto-case temperaturgthe gravimetric power
densities for both modules are identicdlherefore, diamond
substrates would only benefit power electronic converters
which either hae a low junctionto-case differential
temperature or applications where higher switching
frequencies are required, such as network facing converters,
where there israadvantage of increasing switching frequency
achieve potentialeight savings in the output filters.
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