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Design and characterization of thin film microcoolers
Chris LaBountya)

Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106

Ali Shakouri
Jack Baskin School of Engineering, University of California, Santa Cruz, California 95046

John E. Bowers
Department of Electrical and Computer Engineering, University of California, Santa Barbara,
California 93106

~Received 29 February 2000; accepted for publication 15 January 2001!

Thin film coolers can provide large cooling power densities compared to bulk thermoelectrics due
to the close spacing of hot and cold junctions. Important parameters in the design of such coolers
are investigated theoretically and experimentally. A three-dimensional~3D! finite element simulator
~ANSYS! is used to model self-consistently thermal and electrical properties of a complete device
structure. The dominant three-dimensional thermal and electrical spreading resistances acquired
from the 3D simulation are also used in a one-dimensional model~MATLAB ! to obtain faster, less
rigorous results. Heat conduction, Joule heating, thermoelectric and thermionic cooling are included
in these models as well as nonideal effects such as contact resistance, finite thermal resistance of the
substrate and the heat sink, and heat generation in the wire bonds. Simulations exhibit good
agreement with experimental results from InGaAsP-based thin film thermionic emission coolers
which have demonstrated maximum cooling of 1.15 °C at room temperature. With the nonideal
effects minimized, simulations predict that single stage thin film coolers can provide up to 20–30 °C
degrees centigrade cooling with cooling power densities of several 1000 W/cm2. © 2001
American Institute of Physics.@DOI: 10.1063/1.1353810#
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I. INTRODUCTION

Temperature control of microelectronic and optoele
tronic components is typically accomplished with therm
electric ~TE! coolers. TE coolers have become essentia
modern optical telecommunications to control the charac
istics of laser sources, switching/routing elements, and de
tors used in wavelength division multiplexed systems. Co
ing requirements in microprocessors and other integra
circuits have also risen dramatically in recent years due
the increase in clock speed and reduction in feature s
Generally, as these devices have become smaller, faster
more dense, the power density has greatly increased. C
ventional TE coolers are incompatible with integrated circ
fabrication processes, and are therefore limited in how sm
they can be manufactured. This bulk fabrication technolo
makes integration with microelectronic and optoelectro
devices difficult,1 resulting in a high cost of packaging. Fu
thermore, the reliability of packaged modules employing
TE cooler is usually limited by the reliability of the coole
itself.2 A solution to these problems is to shift from bu
thermoelements to integrated thin film coolers.

The greatest advantage of thin film coolers is the d
matic gain in cooling power density as it is inversely prop
tional to the length of the thermoelements. Thin films on
order of microns should provide cooling power densit
greater than 1000 W/cm2. In addition, several methods suc

a!Electronic mail: labounty@opto.ucsb.edu
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as thermionic emission in heterostructures3,4 and decreased
thermal conductivity in superlattices,5,6 are being explored to
improve the performance beyond what is possible with b
thermoelements. Thin film coolers can also be made in la
quantities using well known integrated circuit batch fabric
tion methods resulting in lowered cost and greater reliabil
Integration with microelectronic and optoelectronic devic
is also possible for active localized cooling.

Many nonidealities become apparent and must be c
sidered when moving from bulk to thin film coolers
Whereas contact resistance, thermal resistance of the
sink, and heat generation in the current carrying connecti
are secondary effects in bulk TE coolers, they can all beco
critical in thin film coolers. In the following, these nonide
effects, as well as heat conduction, Joule heating, ther
electric and thermionic cooling, are investigated. A thre
dimensional~3D! self-consistent thermal/electrical softwa
simulator7 is used to model these effects~Fig. 1!, and the
results are compared to experimental measurements.
three-dimensional analysis is necessary to accurately m
the electrical and thermal spreading resistance, howe
simulation of 3D structures is somewhat slow. The 3D el
trical and thermal resistances can be determined for var
geometries and used in an effective one-dimensional~1D!
model8 to obtain faster results when several parameters ar
be varied. Thermionic cooling is considered throughout
make fair comparisons to experimental data, however
results are equally applicable to thermoelectric thin fi
coolers.
9 © 2001 American Institute of Physics
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II. NONIDEAL EFFECTS

The most evident nonideal effect for thin film coolers
the substrate and package thermal resistance. Qualitat
speaking, if the distance between the cooling and hea
regions is several orders of magnitude smaller than the
tance between the heating and heat sink regions, most o
heat will flow back to the cold side of the device if th
thermal conductivities of the thin film and substrate are co
parable. Figure 2~a! shows simulation results of substra
thermal resistance versus thickness for various substrate
terials. The simulation is performed assuming a rectang
etched mesa~5000 mm2! thin film cooler on a semi-infinite
plane substrate. The boundary conditions imposed ass
the sides and top of the substrate to be adiabatic and
bottom isothermal. A uniform heat load on top of the mesa
assumed. The relatively good fit to a ln(x) function is indica-
tive of the thermal spreading in two and three-dimensio
heat flow.9,10 Below 15 mm, the heat flow becomes dom
nantly one dimensional and the thermal resistance scales
early with substrate thickness. The logarithmic fitting fun
tion of the thermal resistance and the correspond
coefficients can be given as

Rthermal~h!5ai ln~h!1bi , ~1a!

ai5
1167

b i@W/mK#
; bi5

21445

b i@W/mK#
, ~1b!

whereRthermalhas units of@K/W#, h is the substrate thicknes
in microns, andai and bi are the fitting coefficients corre
sponding to the thermal conductivity of the substrate (b i).

Clearly it is beneficial to use substrates with high th
mal conductivity and a minimum thickness. However, th
film coolers that are grown on typical substrate mater
~InP, Si, etc.! can be lapped only by a limited amount befo
the material begins to warp and become severely frag
This warping occurs with InP substrates when they
lapped below 100mm, which for the device size simulate
corresponds to a thermal resistance of 57 K/W. Using
mm film of InGaAsP for the cooler (b53.3 W/m K) gives a
thermal resistance of 61.6 K/W showing that roughly half t
heat flows back to the cold side of the device.

The area of the device also affects the thermal resista
Figure 2~b! shows simulation results of thermal resistan
~points on lower curve! for various device areas assuming
125-mm-thick InP substrate. The upper curve represent

FIG. 1. ~a! Scanning electron micrograph of a thin film thermionic coo
~InGaAs/InGaAsP/InGaAs 0.3mm/1 mm/0.5 mm! and ~b! the simulated
structure. The uppermost wire bond length is scaled to reduce the ele
count in the mesh.
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theoretical expression that assumes a disk heat source
half space denoting a purely three-dimensional heat flow

Rthermal5
Ap

4bAA
, ~2!

whereb is the thermal conductivity of the half space andA is
the area of the disk.9 The simulation results are fitted wit
this same expression~solid line!, and the resulting expressio
is equivalent to Eq.~2! multiplied by a reduction factor of
0.761. As the substrate thickness is increased, the simula
results approach that of the theoretical expression.

ent

FIG. 2. ~a! Thermal resistance vs substrate thickness for a device are
5000 mm2 on various substrates: InP(b571 W/m K), Si(b5145 W/m K),
Cu(b5398 W/m K), and chemical vapor deposition diamond(b
51200 W/m K). The points correspond to 3D simulation results, and
solid curves are the theoreticalai• log(x)1bi curve fits.~b! Thermal resis-
tance vs device area. The points are simulation results assuming a 125mm-
thick InP substrate and the upper solid curve is the theoretical plot assu
the substrate is an entire half space.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Instead of working with thin substrates that have a l
thermal conductivity, switching to a substrate with a ve
high thermal conductivity would be advantageous. Seve
methods for transferring thin films to surrogate substra
with better thermal properties are possible, but each has
tential problems. Epitaxial lift-off and grafting of epitaxia
films has been discussed in the literature11–14 for various
semiconductor material systems, but neither the electr
nor thermal contact resistance of the interface has been c
acterized. Another possibility is to use flip chip bondin
techniques to accomplish the substrate transfer, how
thermal expansion mismatch between the thin films and
new substrate can cause problems in material quality.

Packaging of the single element thin film coolers w
necessary to attain significant cooling since simply prob
the cold side of the device presented too large a heat l
Using wire bonds from the package to the device allevia
some of this problem, but a significant heat load from
wire bond remained as well as the additional thermal re
tance of the package between the hot side of the cooler
the heat sink. An optimum wire length can be determined
considering the trade-off between Joule heating in the w
and thermal conduction away from the cold junction. Ul
mately when the thin film coolers are integrated with re
devices or are packaged in a conventional TE configura
~n- and p-type legs electrically in series, thermally i
parallel—see, for example, Ref. 15!, the issue of wire bond-
ing will be less of a concern. Figure 3 shows the increas
InGaAsP thin film cooler performance for four generatio
of packages. The details of the cooler will be discussed la
Generally in each successive package generation the
mum wire bond length is approached and the heat sinkin
improved by choosing package materials with higher ther
conductivities. The best cooling shown in Fig. 3 is for
package made from a 350-mm-thick silicon wafer and using

FIG. 3. Measured cooling for a 1-mm-thick cooler~InGaAs/InGaAsP super-
lattice! with various packages. As the packaging is improved the hea
coefficient is reduced resulting in greater absolute cooling. The cooling~lin-
ear! and heating~quadratic! coefficients correspond to a second order po
nomial fit of DT vs I. All temperatures are relative to the value at ze
current with a heat sink temperature of 20 °C.
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a wire bond length of 250mm. The sample was mounte
with a 4-mm-thick tin solder layer. Qualitatively, when th
packaging improves the linear coefficient that represe
thermionic and thermoelectric cooling effects remains re
tively constant while the quadratic coefficient that represe
Joule heating is reduced. This results in greater net cool
One should note that, due to a relatively high contact re
tance, the maximum current that can be applied to the
film device is limited and thus we are still in a linear tran
port regime. With improvements in nonideal effects and
using asymmetric barriers, one can benefit fully from t
thermionic cooling process by going into the nonlinear tra
port regime and thus increasing the cooling power densit16

Another important nonideal effect for thin film coolers
the electrical contact resistance. Because the InGaAsP-b
layers have a low electrical resistivity (r51.17
31023 V cm) the contact resistivity usually dominates. Th
additional Joule heating occurs very close to the cooling
gion of the device and must be minimized to attain any
preciable cooling. In order to determine the quality of o
ohmic contacts, contact resistivity studies were perform
with four point probe measurements on transmission l
model test patterns.17 The lowest measured value of specifi
contact resistance was roughly 5.531027 V cm2 for alloyed
Ni/AuGe/Ni/Au contacts to 0.5-mm-thick n1InGaAs (2
31019cm23). By studying various annealing conditions,
was determined for the InGaAs alloyed contacts that ra
heating and cooling produced the lowest contact resistanc
agreement with previous literature.18,19 The alloying depth
should also be considered when designing thin film coole
This depth is equal to the amount of semiconductor that
termixes with the contact metal and is roughly 0.1–0.2mm
in most III–V systems.18–20 In our designed thin film cool-
ers, the topn1 or p1 contact regions are as short as po
sible for low resistance but safely greater than the expec
alloying depth. Nonalloyed contacts would circumvent th
situation, however they typically have a higher contact res
tance and the trade-off between the contact resistance an
resistance of a thinner contact region should be conside
The effects of contact resistance on cooler performance
discussed further in the next section.

III. COMPLETE DEVICE SIMULATION

Complete three-dimensional device structures with
nonideal effects included are simulated to fit experimen
data and determine which areas of the thin film cooler
signs need to be improved. These simulations model s
consistently the thermal and electrical operation. Once
simulation is in agreement with experimentally measu
temperature profiles, particular nonideal effects can be
moved in succession and the dominating ones determine

Measured cooling for a 1-mm-thick, 503100mm2 thin
film cooler ~best device from Fig. 3! is shown with the simu-
lated curve in Fig. 4~curve 1!. To check for the presence o
thermionic cooling, reference samples with no barr
~InGaAs only! were tested. The reference sample displaye
cooling that was a factor of 2 smaller. Since the repor
thermal conductivity of quaternary InGaAsP is only 20%

g
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30% less than InGaAs, one expects that thermionic coo
plays a significant role in the device operation. Both the th
mionic and thermoelectric cooling effects were included
the simulation and the thermal conductivity of the InGaA
InGaAsP superlattice was taken to be 5 W/m K. With
accurate model of the device in hand, the contact resista
was set to zero and the simulation was repeated~curve 2!.
The maximum cooling temperature increased from 1.14
2.3 °C. This was repeated with the contact resistance res
its original value and the 120-mm-thick InP substrate re
placed with a 10mm copper substrate resulting in a simil
improvement in performance~curve 3!. The simulation was
then again performed with the top wire bond removed~not
shown!, resulting only in a very small increase in coolin
Finally, the simulation was repeated once more with both
contact resistance removed and the copper substrate res
in a maximum cooling temperature of 6.07 °C or a cooli
power density of 1821 W/cm2 ~curve 4!. Therefore in this
particular device structure, both the contact resistance
the substrate thermal resistance will need to be reduce
see substantial improvement in performance.

It is insightful to examine the temperature and volta
profiles along a line through the 3D structure. Figure 5 sho
simulation results following a path from the bottom of th
substrate, traveling through the cooler, and continuing to
end of the wire bond. The current source is applied betw
the end of the wire bond and the bottom substrate plane,
an ideal heat sink is assumed at these two points. The
bond~25 mm diameter! was 400mm long, but was scaled by
a factor of 20 to reduce the number of elements in the
simulation. A linear voltage drop and quadratic temperat
distribution is observed along the wire bond as expected
one-dimensional behavior. At the cooler, a steep tempera
gradient is observed across the 1-mm-thick film indicating a

FIG. 4. Experimental and simulation results for the 1-mm-thick cooler
shown in Fig. 3. The points and curve 1 correspond to the simulated fi
the experimental data with all nonideal effects. Curves 2 and 3 are
repeated simulation results when the contact resistance and substrate th
resistance are taken away, respectively. Curve 4 corresponds to both
ideal effects removed.
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large heat flux. There is also a sharp voltage drop locate
the interface of the metal and semiconductor correspond
to the contact resistance which was assumed to be
31027 V cm2. This voltage drop is nearly one quarter th
total voltage across the entire structure. Inside the subst
the voltage and temperature profiles can be seen to drop
nonlinearly due to the three-dimensional spreading. Fina
near the bottom of the substrate there is another chang
the slope due to a 4-mm-thick tin solder layer.

From the three-dimensional modeling, it is possible
extract the important thermal and electrical spreading re
tances similar to Fig. 2. Using these simulated values it
comes possible to construct an accurate one-dimensi
model. Figure 6 shows the 1D model and boundary con
tions applied to the heat flux equation

kxAx

d2T

dx2 5
I 2

sxAx
, ~3!

which relates the temperature gradient to the Joule heat
eration wheresx , kx , andAx , are the electrical conductiv
ity, thermal conductivity, and area, respectively, defined
each of the three regions. The right side of Fig. 6 represe
the equivalent circuit model with the thermionic (QTI) and
thermoelectric (QTE) cooling and heating sources as well
contact resistance (QC). The thermionic cooling and heatin
occur on their respective sides of the thin film, however o
one thermoelectric source is included at the upper me
semiconductor interface since the bottom semiconduc
metal interface occurs at the heat sink. Equation~2! is valid
in each region, and by integrating twice with respect to p
sition an expression for temperature with two unknown co
stants results, giving a total of six unknowns. Four bound
conditions exist for the temperature since it must be conti
ous across all three regions. Here thermal boundary re
tances are neglected. The last two boundary conditions

of
e

rmal
on-

FIG. 5. Simulated temperature and voltage profiles along a path through
substrate, cooler, and wire bond. The actual wire bond length was 400mm,
but was scaled by 203 to reduce the number of elements in the 3D sim
lation.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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obtained from the discontinuity of the heat conducti
(kAdT/dx) by the heat generation and absorption on eit
side of the cooler, resulting in six boundary conditions a
six unknowns. The solution was then manipulated and p
ted in MATLAB.

Figure 7 compares the results of the 3D and 1D mod
The two simulations were found to be in good agreem
over various changes in parameters. The largest differe
can be seen in the temperature profile through the subs
where the 1D and 3D distributions are inherently differe
The other minor discrepancy is in the temperature distri

FIG. 6. One-dimensional model and boundary conditions. An electrical c
ductivity ~s!, thermal conductivity~k!, and area~A!, are defined in each
region. The equivalent circuit model is shown on the right with the arro
indicating sources or sinks of heat flux.QTI refers to thermionic heating
cooling,QTE to thermoelectric cooling, andQC to heat generation by contac
resistance.

FIG. 7. Comparison of simulated temperature profiles through the subs
cooler, and wire bond for the three-dimensional~ANSYS! and one-
dimensional~MATLAB ! models. The zero temperature axis is relative
300 K.
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tion of the wire that arises from the additional therm
spreading at the wire-cooler interface. This effect is mo
difficult to include in the 1D model.

The advantage of the one-dimensional model is
speed with which many device parameters can be varied
their affects determined. Figure 8~a! shows a simulation of
maximum cooling versus contact resistivity for vario
cooler thicknesses. To observe just the limitation of cont
resistance, the other nonideal effects were minimized to
sonable values. The substrate thermal resistance was
sumed to be 4 K/W which from Fig. 2 could represent eith
a thin 15mm Cu substrate or an arbitrarily thick diamon

-

s

te,

FIG. 8. ~a! Simulation of maximum cooling vs contact resistivity for variou
cooler thicknesses. The Au wire bond was 50mm long and 50mm in
diameter and zero heat conduction though the wire was assumed as ip
andn cooler configuration.~b! Simulation of single stage maximum coolin
vs Au wire bond length~25 mm diameter wire! where now heat conduction
through the wire is considered. The contact resistance was assumed
1028 V cm2. The substrate thermal resistance was 4 K/W in each case
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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substrate. The wire bond was assumed to be 50mm long and
50 mm in diameter with no heat conduction through the w
as would be in ap- and n-type conventional thermoelectri
configuration. The maximum cooling drops off significant
for a contact resistivity above 1027 V cm2. Also, thicker de-
vices cool more when the contact resistance is substan
The reason being that the optimum current for the coo
performance scales as one over the device thickness. A lo
current results in less Joule heating from the contact re
tance. Optimum currents for the thicker devices were l
than 1 A, while the thinner devices required as much as 5
While the thicker devices do attain higher absolute cooling
this case, the cooling power remains approximately
changed.

In applications for which single element coolers a
monolithically integrated with electronic or optoelectron
devices, it is necessary to have an external wire bond c
nected directly to the cold side of the cooler. The quest
arises as to whether useful cooling can still be achieved
this configuration. Figure 8~b! shows a simulation of maxi
mum cooling versus wire bond length~25 mm diameter!. In
this case heat conduction through the wire is considered,
the contact resistivity is assumed to be 1028 V cm2 in order
to study the effects of the wire only. For a given coo
thickness, there exists an optimum wire length resulting fr
a trade-off between Joule heating in long wires and h
conduction from heat sink to the cold junction in short wire
At longer wire lengths the thicker devices cool better by
same argument made for contact resistance. That is thi
coolers are optimized at a lower current and hence less J
heating occurs. The cooling power of the thicker devices
reduced somewhat, however. For shorter wire lengths
thinner cooler performs best. Since the thinner cooler ha
smaller thermal resistance between cold and hot junctio
more heat conduction occurs across the cooler than thro
the wire.

The temperature dependence of material properties
cooling amount are not taken into account in the above m
els. For small values of cooling and heating on the orde
5–10 °C, this is a reasonable assumption. However, th
effects will need to be considered in future simulations.

IV. CONCLUSIONS

Important parameters and nonideal effects in thin fi
coolers have been discussed through experimental and s
lation results. A three-dimensional finite element simulat
has been developed and used to determine the domin
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nonideal mechanisms for thin film coolers and the impact
changing device characteristics. A one-dimensional simu
tion was also developed using three-dimensional sprea
resistance values obtained from the three-dimensional mo
Contact resistance, finite thermal resistance of substrate
heat sink, and heat generation in wire bonds have all b
identified as limitations in thin film cooler performance. E
perimental results in thin film thermionic emission coole
have demonstrated cooling by 1.1–1.2 °C at room temp
ture with cooling power densities of several 100 W/cm2, and
simulations have predicted cooling of 20–30° with cooli
power densities of several 1000 W/cm2 for more optimized
structures and packaging.
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