‘ .

Proceedings of the XV1 international Conference on Thermoclectrics, Dresden, Germany, August 26-29, 1997

Thermoelectric Microcoolers for Thermal Management Applications

J.-P. Fleurial, A. Borshchevsky, M A. Ryan, W. Phillips, E. Kolawa, and R.Ewell
Jet Propulsion Laboratory/California Institute of Tcchnology, Pasadcena, California, USA

Abstract

Duc to the combinced increasce in circuit integration and chip
powcr dissipation, there is a rapidly growing demand for
solving the thermal management issues of powcer
microclectronics. Wce arc pursuing a novel thermal
management approach thatactively cools only the key high
power devices by using a novel thermoclectric microcoolcr
located under cacb of these power devices. In this way the
device can operatc at tcmpceratures al or cven below the
ambicnt temperaturc of the heat sink, resulting in increased
reliability and efficiency. To successfully handle (lic high
beat flux dcusitics generated at the back of the power chips,
a microcooler with thin legs and low thermal resistance at
the interfaces must be built. We arc currently developing a
thermoclectric microcooler combining thick films of Bi,T'c,-
based alloys and very high thermal conductivity substratcs,
such as CVD diamond or AIN.

Electrochemical deposition is a very attractive process for
depositing thick films of compound semiconductors on metallic
surfaces. This paper presents recent results on the deposition of
Bi,Te; and related ternary solid solutions on a variety of metallic
substrates. We also report on the development of Cu diffusion
barriers for Bi,Tc, and stable mectallizations and diffusion
barriers for diamond and AIN substratcs.

Introduction

The demand for increased processing speeds of intcgrated
circuits, computers and other electronic systems requires
highcr power levels and a higher packaging density. The
designing of microprocessors with faster clock ratcs call for
faster logic, which nccessitatcs more power, while an
increasc in the functional density of processors also results in
a larger power requircment. |11 addition the growing
digitalization and miniaturization of portabic civilian and
military electronic cquipmeiit nceessitates ever increasing
Icvels of integration between electronics, power sources and
thermal control. Combined, these requircments resultin very
high powcr densitics and thermal problems, which limits
intcgration of devices and components.

At the chip level, the highest performance canbc obtained if
thc junction temperaturc can be maintained at a tolerable
level. Ideally, a reduced temperature and a closely cent rolled
thermal environment is needed Already, many high powet
clectronic devices, such as power amplifiers and
microprocessors, operate at high tempcratures close to or at
the edge of their reliability, which can scvercly impact
performance and operating lifetime. Next generation power
electronic chips, such as solid stat ¢ power ampli tiers. used

for microwave applications, willhave much higher power
levels,  with thermal power dissipation requircments
increasing from 5 W to 30 W within a few years | 1. That
increase will multiply the beat flux that has to be removed,
from approximately 30 W/enm? to scveral hundreds W/emy®.
This higher heat flex density will result in a major thermal
management problem that will have to be addressed using
novcl techniques. This is illustrated in Figure 1, which
shows preliminary results from a thermal model of a next
generation 20W GaN-based power amplificr with a 1.5x 1.5
mum’ footprint of which only 250x250 um? is constituted by
the electronic active laycr. ‘the very high beat flex densities
in the immediate vicinity of the active layers (over 16000
W/em?) lead to an estimated 75-11 0°C tcmperature
diffcrence with respect to tbe back of the SiC substrate
which still presents hcatflux densities on the order of 100
Wiem’,

Heat Flux out Bottom of $1C Substrats of GaN Power FET
{Assumes: 20 W, steady-state with SiC substrate attached to diamond at 2§°Cj

Heat Fiux (W fom

Y Location {micrans, )

X Losatian {micrant)

Figure 1: Heat flux profile for a 20W GaN FET using a 5 pm
GaN buffer layer on top of a self-standing 100 um SiC
substrate, assuming sicady state opcration.

Conventional thermal managcment techniques arc not well
suited to the specific problem of cooling discrete or localized
hecat dissipating devices since they generally cool the whole
board Morcover these techniques have difficulty dealing
with tbc large heat fluxcs associated withthe high density
packaging of power devices. The specific problem of spot
cooling of power devices can be very cffectively solved by
using a combination of diamond substrates and a
thermoclcectric microcooler. The highest power components
would be mounted dircctly on a diamond substrate (ideally
the top substratc of the cooler) allowing the cooler/dian~ood
combination to maintain the temperature of the device from
a few degreces to lens of degreces below that of the substrate
on whichthc cooler is mounted (diamond or any othcr high



w

Proccedings of the XVI International Conference on Thermoclectrics, Dresden, Germany, August 26-29, 1997

thermal conductivity material such as AIN) and thermally
connected 10 the heal sink. The cold side diamond substraic
willallow “thermal Iensing” or spreading of the heat load as
uniformly as possible onto a larger surface (for example such
as a 10x10 mm?* surface from the initial 1.5x1.5 mm® chip
footprint).  This will reduce the heat flux density to be
cooled by the thermoelectric device from thousands of
W/cm’ (o a more manageable 100-15[~ W/cm’.  The
thermoclectric microcooler will then offset part of the
temperature gradient across the chip substratc and allow the
device to continuously operate atalow enough tempcrature
to incrcasc both reliability and clockspeed.

The main disadvantage of using thermoclectric coolers is the
rejeclion of additional heal due to their low coefficients of
performance (COP) al large tempcraturc gradicnts. This
additional heat has to bc¢ removed from the heal sink so an
additional cooling techniique is needed, such as a high
thermal conductivity substrate, a heat pipe, microchanncls or
spray cooling [2-4]. The COP obviously varics over a large
range depending on the temperaturc difference required, the
thermal conductivity of the substrates and the thermal
gradient, The cooling power density of state-of-the-art
(SOA) bulk coolers is limited, whichis why it is nccessary to
increase miniaturization in the cases of large heat fluxes.

Thick Film Microcoolers

The main benefit of going to thick film coolers is the
dramatic increase in cooling power density which is
inversely proportional to the ]Cllg“l of the thermoclectric
ngS‘ Prcliminary estimates have SHOWN that heat flux
densitics up to several hundred W/cm’ can now be removed
with thick film coolers, with cooler Icg lengths on thc order
Of 10 to 50 pm.

1000 T T . —
( \ | Thick Film Microcooler (20pm legs)
[ 1. ..
! ) IR IF/,_,./'?’/'
P [
L1 | I
& i ! |
E i | |
E 100
Z ‘
w
o . | 1
° | | |
@ ! | 1
Z 1 | I
> | | i
2 10 3 - Alumina \ T
° Substrates X Current “Cooler 12 mih “logs) e
o
o C e T
! ‘,-
! s T i
e T ' i
T e
1 A S S P S S |
250 260 270 2B0 290 300 310 320 330

Cold Side Temperature (K)

Fig. 2: Cooling power densities as a function of the
temperature gradicnt across the thermoclectric device for
three different kinds of coolers.

Figurc 2 shows the cooling power density comparisons for a
SOA commercial cooler with 2mum legs, for a bulk micro-
cooler with 200pm Iegs, and for a thick film cooler with
20pm egs. These curves arc for a hot side temperature of

330K and maximum cooling power operation, As can be
seen from the figure, the cooling power density of the
diamond substrates/thick film cooler combination is
approximately two orders of magnitude greater than that for
the SOA current cooler and one order of magnitude greater
than that for the bulk micro-cooler. The reason to go to thick
film coolers is thus very obvious.

Device considerations

However, considerable development work is still nceded
before thick film coolers arc ready to be used. The limiting
factors for microcoolcrs arc the magnitudes of the clectrical
and thermal contact resistances. The contribution of these
resistances  become  important parameters as the
thermoclement length becomes smaller. They degrade the
performance of the thermoclectric microcooler by decreasing
the maximum COP, the maximum cooling capacity and the
maximum temperature diffcrence that can be achieved.

For resolving the thermal issues, the usc of substrates such as
AIN or diamond (thermal conductivity respectively onc and
two orders of magnitude higher than alumina, scc I'able 1) is
necessary so that as small a AT as possible is dropped across
the substrate. Assuming a uniform heat load on the cold side
substrate, the performance of alumina based coolers was
calculated and plotted in Figure 2. For the 20 pm cooler, the
temperature gradient “lost™ across alumina substratcs ranges
from 12 to 25°C, depending on the heat load. Moreover. if
onc considers a real case powecr chip with a much smaller
footprint than the top cooler substrate, even larger additional
temperaturc gradicnts will appear in the plane of the
substrate (poor heat spreading). This will result in
unacceptable operating temperatures for the power device
being “cooled” (in some cases tcmpcraturcs might even be
higher with the alumina based cooler than withoutit).

For miniaturized thermoclectric devices comprised of
thousands of thcrimoclcments, clectrical contact resistances
can bccome a very large fraction of the total internal
resistance.  The degradation in performance for high
electrical contact resistance values is illustrated in Figure 3.
1 .ow contact rcsistances (close to 1 x10” Ccm?) can
relatively casily be obtained using thin film processing
technology devcloped for electronic semiconductors {5].

rable 1: Elcetrical resistivity (p in 10% €2 cm). thermal
conductivity (A in W/mK) and thermal expansion cocfficient
(o in 10°K) at 300K of elements and compounds for
thermoclectric microcoolers.

Diamond AIN  ALO;, Ni Pt Cu Bi,Tc,
P 684 985 1.68 1000
| ~1800  ~180 20 91 72 400 1
o 1.5 4.4 7.1 133 9.1 164 129

In addition to the thermal and electrical contact resistances,
other issues such as heat 1o sscs, mechanical strength and
stress analysis mustbe considered. The low thermal
expansion coefficient of diamond is of particular concern
(see l'able 1 ) 10 the ruggedness of thermoclectric
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microdevices, and where appropriate from a thermal and cost
aspect, AIN offer abetter match to Cu and Bi,Tc,.
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Figure, 3: Cooling power densities as a [unction of the
thermoclement length and for increasing electrical contact
resistances at the thermoclecment/Cu clectrode interface.
Calculations performed for dianlond-based microcoolers
operating across a temperature gradient of 10°C.

Microcoolcr fabrication

Areas under decvclopment at JPL. arc the deposition and
characterization of Bizl'c3-based thick films, bonding of
mctallized diamond or AIN substrates to the thermoclectric
films, and the patterning, etching, bonding and testing of the
cooler. Figure 4 shows the proposed schematic for the
melallizations and bonding scheme for the diamond and the
thick film thermoclectric material.
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Figurce 4: Schematic of a thick filM thermoclectric cooling
device with diamond or AIN subslratcs.

The scheme, similar to that for traditional bulk
thermoclectric modules, involves many layers, including
mctallization to the high thermal conductivity substratc,
diffusion barrier, Cu clectrode, Cu diffusion barrier, contact
layer and Bi,Te, alloy film. Except for the Cu clectrode and

the thick thermoclectric film, all other metallic laycrs arc of
submicron thickness.

Thermoclectric Thick Films

A promising routc for thick film preparation is clectrochemical
deposition (1 (CD) from aqucous solution. This is a fairly well
known technique for the deposition of 11-VI scmiconductors such
as CdSc, CdTe CdSc, JIc, s and CdSc, ¢, JTe, 55 [6,7 |. In this
technique the clements arc deposited on an clectrode rising an
aqueous solution of anions or anionic compounds. The
advantage of this approach to tbc fabrication of films is that it is
anincxpensive way to make films and, depending on tbe current
deunsity used in deposition, the deposition ralc can be varied
widely. Thick films can be difficult and time consuming to
make rising vacuum techniques such as sputlering or
cvaporation but films scveral tens of microns thick can bc made
ina few hours using clectrochentical deposition In addition,
slight variations in thc dcposition potential or solution
concentration may possibly be used to induce off-stoichiomctric
films, thus providing p- or n-type doping through stoichiomeiric
dcviation. The preparation of thermoclectric material films by
clectrodeposition has been investigated very little [8,9] and the
mcthods used in making the 1 1-VI alloys must be adapted to the
clectrodeposition of thin films with p-type and n-type Bi,
S, Te, ,Sc,. compositions which arc optimal for thermoclectric
cooling applications. An additional advantage of this approach
to the fabrication Or thin filin thermoclectric coolers is that some
of the contact layers necessary to the fabrication of the cooling
device, such as Cu for the electrical path or Ni or Pt for the Cu
diffusion barricr can also bc deposited by using a different
aqueous solution

Bismuth and tellurium metals dissolve in HNO, 10 make tbc
oxide anions BiO’ and HTcO,'. Bi,T¢; is insoluble in dilute
}INO,, so reduction of HT¢O,' to T¢™ at an clectrode will result
in the precipitation of Bi,Tc, on the electrode surface. The
ovcerall reaction for the process is:

I3H' + 18¢ + 2BiO' +3H1c0," -> Bi,Teyd + 8H,0

Figurc 5 shows the current-vol(agc bchavior of an aqucous
solution of 7x107 M BiQ' and 1.0x10° M HT¢QO,'in 1 M HNO,.
The reduction regions for each of these compounds overlie cach
other in the range -0.05 10 -0.2 V versus a slandard calomcl
clectrode. BiO” is reduced to Bi’ around -0.1 V. It is possible to
co-deposit Bi,Te, within this voltage rangc, probably more
cffectively in the range 0 to -0.1V than within the region of the
reduction wave for BiO'. Preliminary studics have shown that
variation in groin sizc and composition of the films can be
introduced by changing the potential at which the deposition is
camicd outtow ard 0V, as well as by changing the concentration
of’ ions in solution
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Voltammograms of Bismuth and Tellurium on Platinum
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Figure 5: Current-Voliage graph for the electrochemical
deposition of Biand Tc on a Ptsubstratc using a nitrate
aqueous solution. (SCE is for standard calumcl clcctrode)

Other parameters controlling the quality, composition and
properties of the Bi,T¢, films grown by ECI) arc: temperature,
Biand Tc molar concentrations in tbc FINQ, solution, deposition
lime, substratc surface finish and geomctry, active stirring of the
bath, volume of tbc bath, distance belween counter and
deposition clcctrodes, and characteristics of the reference
clectrode. Such a large number of paramectcrs mcans that
many cxperiments (scveral thousand) mustbecrun 10
determinc the best experimental parameter values. Wc arc
currently developing a combination of statistical tools based
on orthogonal arrays of control paramcter values to optimize
this deposition process and determinein a small number of
experiments the best conditions for depositing high quality
lliztc3-based film with good thermoclectric properiics.
Initial deposition runs on Pi-coated substrates havc shown
that thick near-sloicbiomc(ric Bi,Tc, filims could bc grown
from a (),75 x10-2 M/ {Bi]and 1.0x10° M/ [Te]
concentrations. The thickness of the films measured with a
profilometer ranged from 10 to 60 pum and tbc composition
of the films was very closc to the 40/60 at % ratio. as
determined from electron microprobe analysis. In addition
back-scatlering clectron analysis indicated that films grown
atlow deposition voltages bad very smooth top surfaces (less
than Ipum of roughness). The growth rates ranged from 10
to 20 pm/hour depending on tbc deposition voltage.
Mecasurcments of the clectrical transport propertics has been
conducted onsomc of the deposited films. Van dcr Pauw
electrical resistivity and Hall cffect were measured in the
plane of tbc deposited films (after removal from the
melallized substrates), and tbc Sccbeck coefficicnt was
measured in a cross-plane direction, Our results show hcavily
doped 11-type bchavior and arc similar to thosc obtaincd
previously by [9] except th at we have achicved lower
clectron concentrations (~1x10” cm™) and higher I lan
mobility values (- 26 cm®/Vs). Scebeck cocfficient valucs
range from -50 uV/K to over -1 00 pV/K near room
temperature. W ¢ arc now working on optimizing the
properties for n-type film as wcll as studying the possibility
of achicving p-type conductivily. Recent experiments on
ternary compositions dcmonstrated that BijT¢, Sc,
(0<x<0. 1) and Bi,,Sb,Tc, (1.9<y<2)films could also bc

obtained by ECD. Detailed expcrimental results will be
published later [ 10].

Cu_Diffusion Barrier

For the multilaycr stack. Cu will be used for the clectrical
path (clcctrodce) of the thermoclectric device. because Cu bas
low electrical resistivity and high thermal conductivity
valucs (scc Table 1), and can easily bc deposited
cleetrochemically. However a diffusion barrier must be
found to prevent Cu from diffusing into Bi,Te, and
degrading thec thermoclectric properties. Ni is thc Cu
diffusion barrier of choice inthc thermoclectric industry, but
unfortunately we have found that the Ni layer is dissolved in
the nitrate solution uscd to grow Bi,Te; by electrochemical
deposition.  After considering several options including a
protective layer over the Ni barrier. the possibility of more
suitable diffusion hart-icrs was investigated.

Potential candidates included (r, Pd and Pt as wecll as highly
thcrmally stable amorphous nitride films previously
developed for mctallizations to diamond and AIN |5]
However, studics were required to dcmonstrate their
cffectivencss as diffusion barriers for Cuandto demonstrate
thatthey do not contaminate the Bi, T, film.

A number of  experiments were conducted on single
cryslalline Bi,Te, bulk samples which were coated with
Pt/Cu, Pd/Cu, Ni/Cu, Ct/Cu, TiSiN/Cu and TaSiN/Cu. The
diffusion barrier thickncss was typically 150 nm and the Cu
ovcrlayer was 250 nm. Scveral samples were prepared for
cachmultifayer combination. and some of tbc samples wcre
anncaled for 1 hours al 150°C, 200°C, 250°C or 350°C in
high vacuum.  Aflcr completion of the anneals, as-coated
and anncaled samples for cacb matcrials combination were
analyzed by Rutherford backscatlering (RBS) microscopy.
Results showed that for (cmpceratures in the 150-250°C range
only Pt and thc amorphous nitrides arc suitablc diffusion
barriers (noBi or Tec declected on top of tbc Cu). For
temperaturcs higher than 250°C the nitride films performed
best. Both Ni and Cr samples showed some interdiffusion
cven al 1 50°C, and catastrophic results were obtained with
Pd  Dectailed results willbe reported clsewherc {11},
Despite the apparent ncgative result of Ni as a Cu diffusion
barrier. it must be noted that thermoclectric coolers arc
typically soldered at only I138°C (some at189°C), and
operated at50-75°C maximum (hot side). Since Ptis wecll
suited to the clectrochemical deposition of Bi,Te; we are
now developing a Cuclectrode/Pt barrier/llizl'c3
combination by ECD.

('occlusion

The demand for increased speeds and higher power levels for
clectronic devices such as power amplificrs an d
microprocessors has resulted in thermal problems onthe
component and board Icvelthat need to be solved. The spot
cooling of thcse power devices and microprocessors s
nceded to incrcase reliability, cfficiency, and clockspeed
Thermoclectric microcoolers using high thermal conductivity
substrates such as diamond or AIN arc onc of the most
promising mecthods to address these thermal management



