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Modeling and optimization of bulk SiGe thin-film coolers are described. Thin-film cool-
ers can provide large cooling power densities compared to commercial thermoelectrics.
Thin-film SiGe coolers have been demonstrated with maximum cooling of 4◦C at room
temperature and with cooling power density exceeding 500 W/cm2. Important parameters
in the design of such coolers are investigated theoretically and are compared with ex-
perimental data. Thermoelectric cooling, joule heating, and heat conduction are included
in the model as well as non-ideal effects such as contact resistance, geometrical effects,
and three-dimensional thermal and electrical spreading resistance of the substrate. Sim-
ulations exhibit good agreement with experimental results for bulk Si and SiGe thin-film
coolers. It turned out that in many spot cooling applications using two n- and p-elements
electrically in series and thermally in parallel does not give significant improvement over
single leg elements. This is in contrast to conventional thermoelectric modules and is due
to the aspect ratio and special geometry of thin film coolers. With optimization of SiGe
thin-film cooler, simulations predict it can provide over 16◦C with cooling power density
of over 2000 W/cm2.

Temperature control of microelectronic and optoelectronic components are typi-
cally accomplished with thermoelectric (TE) coolers. TE coolers have become essential
in modern optical telecommunications to stabilize characteristics of laser sources and
switching/routing elements used in wavelength division multiplexed systems. Cooling re-
quirements in microprocessors and other integrated circuits have also risen dramatically
in recent years due to the increase in clock speed and the reduction in feature size. Gen-
erally, as these devices have become smaller, faster, and denser, the heat power density
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has greatly increased. Conventional bulk BiTe-based TE coolers are incompatible with
integrated circuit fabrication processes and are therefore limited in how small they can be
manufactured. This bulk fabrication technology makes integration with microelectronic
and optoelectronic devices difficult [1], resulting in a high cost of packaging. Further-
more, the reliability of packaged modules employing a TE cooler is usually limited by
the reliability of the cooler itself [2]. A solution to these problems is to shift from bulk
thermoelements to integrated thin-film coolers.

The greatest advantage of thin-film coolers is the dramatic gain in cooling power
density, as it is inversely proportional to the length of the thermoelements. Thin films on
the order of microns should provide cooling power densities greater than 1000 W/cm2.
In addition, several methods such as thermionic emission in heterostructures [3, 4] and
decreased thermal conductivity in thin films [5–8] are being explored to improve the
performance beyond what is possible with bulk thermoelements. Thin-film coolers can
also be made in large quantities using well-known integrated circuit batch fabrication
methods resulting in lowered cost and greater reliability. Integration with microelectronic
and optoelectronic devices is also possible for active localized cooling.

Many non-ideal factors become apparent and must be considered when moving
from bulk to thin-film coolers. Whereas contact resistance, thermal resistance of the heat
sink, and heat generation in the current carrying connections are secondary effects in
bulk TE coolers, they can all become critical in thin-film coolers.

Over the past few years, thin-film coolers based on InP [9, 17], SiGe [10, 11, 18],
SiGeC [12], polycrystalline silicon [13], and BiTe [14, 15] have been demonstrated;
however, there has not been much detailed theoretical study of how different factors
limit performance of these coolers and comparisons with experimental results. Some
preliminary study for InP-based thin film-coolers was done by Labounty et al [16]. A full
understanding of various factors that limit performance of thin-film coolers is needed in
order to extract various material parameters and study the ultimate performance that can
be achieved. Since packaging strongly affects the performance of microrefrigerators, it is
important to include that in the theoretical modeling. We are first presenting a physical
model describing a thin-film microcooler that fits very well all of the experimental results
for various device sizes. Subsequently, we study the effect of different non-ideal factors
in the device performance using this model. It turns out that the side contact, which
is provided to carry the current to the cold junction, is responsible for some part of
joule heating, which limits the maximum cooling. A new geometry for side contact is
proposed and simulated that reveals that we can overcome this limitation. New cooler
devices based on the proposed side contact have been fabricated and characterized, and the
performance is in good agreement with theoretical estimations. Another undesired factor
limiting the performance of thin-film microcoolers is ohmic contact resistance between
metal and semiconductor. Substrate electrical and thermal resistance is studied as well.
Predictions on maximum achievable cooling by reducing the ohmic contact resistance
and by substrate removal are made, providing an insight on ways to improve microcooler
device optimization.

SINGLE-STAGE THIN-FILM COOLER

Figure 1 shows a conventional thermoelectric cooler and several thin-film micro-
coolers fabricated on a chip.
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Figure 1. Conventional thermoelectric cooler (left) and scanning electron micrograph of a series of fabricated
thin microcoolers with different sizes (right).

In conventional thermoelectric coolers cascading the alternative p- and n-type cool-
ers electrically in series and thermally in parallel makes both of the electrical contacts
to the device on the hot side near the heat sink, thus, they will not reduce the maximum
cooling. This configuration also provides the means to cool large areas with reasonable
currents. In the case of thin-film coolers one can also bond two n- and p-type wafers
together and fabricate multi-elements devices. However, the fabrication process is compli-
cated. It is useful to find the maximum cooling that can be achieved using single-element,
thin-film coolers. Monolithic integration with other electronic and optoelectronic devices
for spot cooling can be easily achieved with single leg elements.

Figure 2a shows a cross sectional transmission electron micrograph (TEM) of an
SiGe thin-film cooler. A buffer layer of SiGe/SiGeC is grown on the Si substrate to match
the lattice constant of SiGe thin film.

Figure 2b shows the energy diagram of a typical thin film-microcooler. These film
coolers use the selective emission of hot electrons over a heterostructure barrier layer
from emitter to collector resulting in evaporative cooling. As we can see from Figure 2b,
since the energy distribution of emitted electrons is almost exclusively on one side of the
Fermi energy, upon the current flow, strong carrier-carrier and carrier-lattice scatterings
tend to restore the quasi-equilibrium Fermi distribution in the cathode by absorbing energy
from the lattice, thus cooling the emitter junction. Figure 1 shows a scanning electron
micrograph (SEM) of the fabricated thin-film coolers. The top contact on the cold side
of the device (cathode) is extended to the side in order to reduce the effect of heating

Figure 2. (a) Transmission electron micrograph of an SiGe thin-film cooler. (b) Schematic energy diagram
along with electron energy distribution and Fermi level.
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Figure 3. Single-element heterostructure thermoelectric thermionic cooler.

from probes used to send the current. The side contact is electrically isolated from the
substrate by a thin SiN layer.

THEORETICAL MODELING

The equivalent circuit model used here is very much similar to that of Vashaee et al.
[19] used for modeling of InP thin-film coolers. However, since the side metal contact is
strongly affecting the performance of the cooler, we use a more realistic model for joule
heating in the side contact and heat conduction from the cold junction to the substrate
via this contact. The detailed modeling of side contact will enable us to optimize its
geometry. Figure 3 shows a typical single-element, thin-film cooler structure. It consists
of top contact, cap layer, thin film, buffer layer, and bottom contact, respectively, from top
to bottom. The top contact is a layer of Ti/Al alloy to provide ohmic contact for current
injection. An extremely good metallization procedure is needed to achieve a low ohmic
contact resistance since any heat generation close to top of the cooler is not favorable.
The cap layer is, in fact, the cathode part where cooling happens. Thin film provides the
potential barrier, and the buffer layer is to match the lattice constant of the thin film with
the substrate if needed. The whole sample is put on a temperature-controlled heat sink
for the study of maximum cooling at different temperatures.

COOLER MODEL

In such a cooler there are three sources of cooling against nine sources of heating
in the device. Thermoelectric cooling terms are the Peltier effect in metal-cap layer
and in bottom (or buffer) layer–substrate junctions. Thermionic/thermoelectric cooling
occurs at the cap-barrier junction. Assuming small current densities, one can define
an effective Seebeck coefficient for thermionic emission cooling that is approximately
linearly dependent on the current:

�Q = −(Smc + Sbs)TI
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where Smc and Sbs are the effective Seebeck coefficients of metal-cap and bottom layer–
substrate junctions, respectively, which include the thermionic cooling. Sources of heat-
ing are joule heating in the metal/semiconductor junction, probe contact, cap, barrier and
bottom layers, and the substrate. The other two “sources of heat” are the ambient heat
conduction through the thermocouple contact used to measure temperature and the stage
heat conduction through the substrate and side contact to the cold junctions. The last
two effects create a temperature difference at zero current between the top and bottom
contacts, which are not shown in the experimental and simulation curves due to the
normalization to zero cooling temperature for zero current. The net cooling is the tem-
perature difference created with respect to that at zero current. The last source of heating
is the thermionic heat released in the bottom layer by the hot electrons that are emitted
over the barrier. In these thin-film, high–cooling power density devices, since temperature
differences are only couple of degrees, convection and radiation heat losses are too small
compared to other contributions and are ignored. A thin-film cooler works only when
its parameters are optimized, and outside this range it is nothing but an effective heater.
With optimum current, the cooler is able to provide cooling power densities on the order
of couple hundreds of W/cm2.

The joule heating in each infinitesimal section of a resistor is modeled with a
current source (Figure 4). It is simple to show that one can always put the current source
in the middle of the thermal resistance regardless of the thermal boundary conditions at
the two ends. Figure 4 shows a network of resistors modeling the thermal behavior of
the HIT cooler. Each resistor is the thermal resistance of the corresponding region.

Kcap, KSiGe, and Kb are the thermal resistances of cap, thin film, and buffer layers,
respectively. A microthermocouple is used to measure the temperature. This introduces a
thermal conduction path on top of the cooler. Its effect is modeled by a thermal resistance
of Kth connected to ambient temperature. The value of Kth is calculated by considering
an effective length of thermocouple wire connected to room temperature. The resistor
network considers 1D heat flow. However, this is not true for the substrate. It is the
thickest part of the cooler, and current and heat spreading requires 3D simulation.

A self-consistent 3D electrical and thermal model using ANSYS program [20] was
used to calculate an effective 1D thermal resistance and joule heating for the substrate
(Figure 5). Equivalent 1D electrical and thermal resistance can be calculated from:

R(�) = 3570ρ
(�cm)
sub tanh(ds(µm)/71.9)/

√
A(µm2)

and

R
(K/W)

th = 3570/b
(W/mK)

sub tanh(ds(µm)/71.9)/
√

A(µm2)

respectively. Qcap, QSiGe, Qb, and Qsub are current sources modeling joule heating in
the cap layer, thin film, buffer layer, and substrate, respectively. Qoc is modeling the
joule heating at the ohmic contact between metal and semiconductor. Qs1 is related to
thermoelectric cooling at metal–cap interface, and Qs2 is that at thin-film buffer layer.
While Qs1 always has cooling effect, Qs2 can have cooling or heating effect depending
on the Seebeck coefficient of adjacent layers (Qs1,2 = Ss1,2 TI).

Tstage and Tam are voltage sources modeling stage and ambient temperatures, re-
spectively. All heating sources are injecting current into circuit and all current sources
modeling the cooling sink the current in opposite direction. Heat flow in the side contact
is more complex and it is described in detail in the next section.
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Figure 4. Equivalent circuit thermal model of a heterostructure thermionic microcooler taking into account
joule heating, heat conduction, and cooling sources. Heating/cooling sources and thermal resistances are Q and
K , respectively.

SIDE CONTACT MODEL

This model consists of distributed thermal and electrical resistors, which form a
network similar to the one in Figure 6.

Side contact is a metal pad 1.7 µm thick with a thin layer of silicon nitride un-
derneath. The silicon–nitride layer, which is about 0.3 µm thick, isolates electrically the
metal pad from substrate and at the same time provides a thermal path to conduct the
joule heat generated in the top metal to the substrate and thereby to the heat sink. In
Figure 6, resistors and current sources are modeling thermal resistances and joule heating
of the metal, respectively. It may seem that a metal pad with a large cross section is more
favorable since it has less resistance, and thus joule heating is minimized.

But in fact a larger cross section increases heat conduction from the substrate to
the cold junction at the same time. In order to study these effects and be able to make an
optimized structure, side contact is divided into a large number of small sections. Each
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Figure 5. Three-dimensional electrical resistance of the substrate calculated using finite difference ANSYS
program (stars) and an effective 1D model (solid) for various device sizes (ρsub = 0.003 � cm).

section is modeled with two thermal resistors and one current source. Km and Ks in
Figure 6 are thermal resistances of metal and silicon–nitride layer, respectively. Current
sources are modeling the joule heating in each section. Figure 7a shows a schematic of
the side view of the thin film cooler along with the side contact. In Figure 7b temperature
distribution along the side contact is shown. Ambient temperature is 25◦C, the device size
is 20 × 20 µm2, and it is biased at 115 mA. Stars are the experimental data measured

Figure 6. Equivalent resistor network for the side contact heat conduction and joule heating.
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Figure 7. (a) Schematic side view of the cooler along with the side contact. (b) Temperature distribution
along the side. Stars are measured temperature using thermoreflectance imaging; dashed line is the theoretical
temperature distribution considering only the heat conduction; and solid line is that considering both heat
conduction and joule heating.

using a microthermocouple and the dotted (solid) line shows the calculated temperature
distribution along the side if one ignores (considers) the joule heating in the side contact.
As mentioned before, the side contact has two contributions affecting the temperature
of the cathode: one is due to the thermal path from the cold junction through the side
contact to the substrate, and the other is due to the joule heating in the side contact, which
adds undesired heat load to cathode. The solid line in Figure 7b shows the theoretical
temperature distribution considering both the heat conduction and joule heating of the
side contact. This is in good agreement with the measured temperature all along the side
contact. We will use this model for the side contact for the overall analysis of thin film
coolers.

SIMULATION OF SILICON COOLERS

In order to verify some of the material parameters of the coolers and to test the
model for a simple case, a microcooler based on the p-type Si-substrate with exactly the
same geometry as SiGe devices was fabricated and characterized (Figure 8a). This cooler
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Figure 8. (a) Single leg silicon thermoelectric cooler. (b) Measurements of Si film thermoelectric cooler
showing cooling vs. current at room temperature. Measurements were performed using 50-µm-diameter micro-
thermocouples. (c) Simulation result for the same structure.

Table 1. Parameters of Si cooler in Figure 8a

ρs

(� cm)
0.35

Wm

(µm)
75

dm

(µm)
1.7

dSiN
(µm)
0.3

dSi
(µm)
0.6

ds

(µm)
535

βSiN
(W/mK)
0.97 [21]

βm

(W/mK)
31.9 [21]

ρm

(� cm)
2.2 × 10−5 [21]

ρoc
(� cm2)
1 × 10−6

βth
(W/mK)
93.9 [22]

Ath
(µm2)

625

lth
(µm)
1000

dedg
(µm)
0.025

ledg
(µm)

3

Scap
(µλ/K)

570 [23]

T

(K)
300

N1,2,3
(cm−3)

1 × 1019

β1,2,3,s
(W/mK)
150 [24]

µ1,2,3
(cm/Vs)
80[25]

consists of a metal pad deposited on a piece of silicon. Therefore, there is no thin film
and cooling happens only by thermoelectric effect in metal semiconductor interface.

Figure 8b shows cooling versus current measurement for this structure. Using our
previous model for this structure enables us to determine the Seebeck coefficient of Si
from the initial slope of T versus I curve, and to get the joule heating parameters from its
curvature. Figure 8c shows the simulation results for this simple thin-film thermoelectric
cooler. Parameters used for this simulation are given in Table 1. ρ, W , d, β, A, l, S, T ,
N , and µ stand for electrical resistivity, width, length, thermal conductivity, area, length,
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Seebeck coefficient, temperature, doping concentration, and carrier mobility, respectively.
Subscripts 1, 2, 3, s, m, oc, and th refer to the cap layer, superlattice, buffer layer,
substrate, metal contact, ohmic contact, and thermocouple, respectively.

We can see that the experimental data in Figure 8b can be fitted quite well. In fact,
one should be careful with the value of electrical and thermal conductivity of metal pad.
Measurements of the joule heating on the metal pad region showed that the electrical and
thermal conductivity for a thin-film metal could be 4 to 8 times less than their values for
a bulk metal depending on deposition process.

Now that the model is verified by a simple Si cooler with the same 3D geometry,
it is time to apply it to a thin-film cooler. We consider a p-type single barrier silicon
germanium cooler. Figure 9a shows a schematic of this structure. It consists of seven
layers. Si substrate is back-coated with a metal layer to provide the bottom contact. On
the substrate a 1 µm layer of SiGe/SiGeC alloy is grown by MBE to change the lattice
constant to that of Si0.8Ge0.2. A 3-µm-thick Si0.8Ge0.2 barrier layer is grown on this
intermediate layer followed by a layer of highly doped SiGe as cathode. For the top
contact, a layer of SiN is first deposited on the substrate in order to electrically insulate

Figure 9. (a) p-Type SiGe heterostructure integrated thermionic (HIT) cooler. (b) Experimental results for
cooling vs. current measurement. (c) Simulation curves for the same structure using physical parameter values
from the simulation of a simple Si thermoelectric cooler.
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the side contact from the bottom. The final step is to deposit a strip of metal for the
top contact. For the simulation, the same parameters as Si coolers were used, only the
joule heating was added due to the additional barrier and buffer layers and the thin-film
Seebeck coefficient.

Figure 9b shows the measured cooling versus current for different device sizes using
a microthermocouple for temperature measurement. Figure 9c shows the simulation result
for this sample.

For comparison, in this simulation we ignored the thermocouple heat load in the
calculations. One can see that heat load from thermocouple decreases the cooling of
only smaller coolers. In fact, for devices smaller than 50 × 50 µm2, the thermocouple
is the dominant heat load factor. For small-size devices, even the way the thermocouple
touches the surface changes the contact thermal resistance and affects the measured
cooling. We did not try to change the effective length of the thermocouple in the model
to fit the data for this case. Similar curves as the ones in Figure 9c have been observed
in thermoreflectance measurements of temperature, which is an optical technique and it
does not introduce any effective heat load on the coolers (see Figure 10a) [26]. However,
this method needs a calibration for the absolute value of the temperature depending on
the surface whose temperature is measured. Figure 10b shows the simulation results of
the same size samples showing the right trend even for smaller-size devices.

Now that the model is tested with several experimental results, it is useful to look
for the major effects limiting the performance of these coolers. One might guess that the
joule heating in the substrate (500 µm thick), which acts as a series resistance with the
cooler, could be a major factor after elimination of the joule heating of the side contact.
Surprisingly, it turns out that this factor is not really an issue, but it is the ohmic contact
resistance of the top metal–semiconductor junction that is the dominant limiting factor.
This result should not, in fact, be unexpected, since every heating or cooling source closer
to cold junction would have more contribution to top temperature distribution than the
ones farther away. This can also be seen from the equivalent circuit diagram, any heat
source acts like a current source flowing through a thermal resistance that is modeled
with an electrical resistance in the model. Since the current flows down to the substrate,

Figure 10. (a) Measurement results for SiGe cooler using thermoreflectance technique. (b) Simulation results
for the same structure.
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it creates higher voltage, or equivalently higher temperature, if it passes through a higher
resistor. Sources closer to the top of the cooler see higher resistance to the substrate, thus
creating higher voltage (temperature). The joule heating from ohmic contact resistance
is right at the top of the cathode, where it sees the highest resistance to the substrate.

OPTIMIZATION

In this section, we will study the effect of major limiting factors one by one, to
have a better understanding of their influence on microcoolers. For this purpose, let’s
first start with the side contact. We will then consider the effect of ohmic contact and
substrate resistances.

Case Study 1: Side Contact

Geometry of the side contact layer can be modified in order to maximize overall
cooling. Two effects need to be considered: joule heating in the side contact and heat
contact from substrate to the cold junction. If the side contact is very narrow (or thin
metal layer) heat conduction is minimized but there will be a large joule heating. On
the other hand, if the side contact is very wide (or thick metal contact), joule heating is
reduced at the expense of large heat conduction. Thus, one can optimize the width of the
side contact layer, assuming a fixed length and fixed metal thickness.

The side contact geometry is schematically shown in Figure 11a. At the fixed metal
layer thickness of 1.7 µm and length (lAu = 10 µm), one can see that device cooling is
maximized for specific values of metal width (wm) (Figure 11b).

It is noticeable that these optimum values depend mainly on the size of cooler.
Ohmic contact resistance is another parameter; it is taken to be 1 × 10−6 � cm2, per
previous measurements. Figure 11c shows how the optimum metal width is affected when
contact resistance is 1 × 10−7 � cm2. Parameters of SiGe cooler in Figures 11b and 11c
are listed in Table 3. In practice, in the design of microcooler devices one should consider
fabrication tolerance and it is wise to choose a side contact width slightly larger than
wopt, since there is a sharp drop in maximum cooling for smaller sizes.

To see what is the ultimate limitation due to the side contact, one can eliminate com-
pletely heat conduction and joule heating in that layer (see Figure 12a) and compare the
results with the case of a structure with optimized width in the side contact (Figure 12b).
It can be seen that with the current device parameters (specially ρcontact = 1 × 10−6 �

cm2), there is a small advantage to completely removing the side layer. This is an impor-
tant result, which says that with the current device parameters the benefits to fabricate
arrays of n- and p-type devices electrically in series and thermally in parallel may not
be enough to justify significant additional processing steps.

Case Study 2: Ohmic Contact

From the simulation results it turns out that the ohmic contact between metal and
semiconductor is the major factor limiting the performance of thin-film microcoolers. It
is interesting to see what the cooling would be if one can reduce the ohmic contact.
Figure 13 shows the cooling versus current for an SiGe microcooler similar to the one
studied earlier in this article (Figures 9 and 10) with the only difference reducing the
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Figure 11. Side contact geometry (a) and optimization curves for the side contact geometries with ρoc =
10−6 � cm2 (b) and ρoc = 10−7 � cm2 (c).

Figure 12. Cooling vs. current for various device sizes when (a) the effect of side contact is removed and
(b) side contact geometry is optimized for the maximum cooling in the model.
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Figure 13. Cooling vs. current for different device sizes for SiGe cooler with ohmic contact reduced to 10−7 �

cm2. Side contact is optimized in (a) and its effect is removed in (b). Labels are similar as in Figure 12.

ohmic contact resistance down to 10−7 � cm2. Side contact is optimized in Figure 13a
and its effect is removed in Figure 13b.

One would see a significant increase in cooling specially for smaller devices. It
is important to notice that ohmic contact does not affect the performance of larger-size
devices. It will be shown that the limiting factor for the large devices is in fact the
substrate resistance. Maximum cooling of about 14 degrees over 3-µm thin-film layer is
possible if one could reduce the ohmic contact of thin-film SiGe microcoolers.

Case Study 3: Substrate Thickness

One may suggest to thin or even to remove the substrate in order to reduce or
eliminate the joule heating due to its electrical resistance and also improve the thermal
resistance at the hot side of the thin-film cooler. This could be investigated with our
model by assuming a perfect heat sink substrate.

It turns out that for structures with ohmic contact resistances as high as 1 × 10−6 �

cm2, thinning or even removing the substrate does not improve the cooling performance.
Figure 14 shows theoretical results for the same structure as the previous SiGe cooler,
but with no substrate. Comparing Figure 14 with Figure 12 shows that by completely
removing the substrate cooling is even reduced. In fact, the joule heating from the ohmic
contact resistance is dominating over all other effects.

However, if the ohmic contact resistance is reduced down to 10−7 � cm2, it turns
out that thinning the substrate would improve the cooling performance of larger devices.
It does not affect the performance of smaller devices, though. Figure 15 shows the cooling
for various device sizes for that case. Comparing Figure 15b with Figure 13b shows the
significant improvement of cooling for large devices (A ≥ 40 × 40 µm2).

New devices based on the proposed side contact geometry have been fabricated
and characterized that showed an improvement in cooling.

In Figure 16, left, cooling versus current for one of the primary SiGe micro-
coolers with rectangular nonoptimized side contacts is shown. For comparison, cooling
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Figure 14. Cooling vs. current for different device sizes for SiGe cooler with removed substrate and ohmic
contact resistance of 1 × 10−6 � cm2. Side contact is optimized in this calculation. Labels are similar as in
Figure 12.

versus current for one of the new side contact optimized SiGe microcoolers is shown
in Figure 16, right. Material and processing parameters are similar to those of Table 2.
Maximum cooling in this plot is in accordance with the prediction of our model for the
SiGe cooler with optimized side contact shown in Figure 12.

It can be seen that maximum cooling in new devices has significantly increased
compared to that of primary microcoolers. But the cooling is still less than the case of
Figure 13, which is mainly due to the dominant effect of ohmic contact joule heating.

Figure 15. Cooling vs. current for different device sizes for SiGe cooler with removed substrate and ohmic
contact resistance of 10−7 � cm2. Side contact is optimized in (a) and its effect is removed in (b). Labels are
similar as in Figure 12.
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Figure 16. Cooling vs. current measured for different device sizes for SiGe cooler made without optimizing
side contact (left) and with optimizing side contact (right).

Table 2. Parameters of SiGe cooler in Figure 9a

Wm

(µm)
A1/2

dm

(µm)
1.7

dSiN
(µm)
0.2

d1
(µm)
0.3

d2
(µm)

3

d3
(µm)

1

ds
(µm)
535

β1
(W/mK)

6.5

β2
(W/mK)

6.5

β3
(W/mK)

6.5

βSiN
(W/mK)

0.22

ledg
(µm)

2

βm

(W/mK)
63.8

ρm

(� cm)
1.1 × 10−5

ρoc
(� cm)

1 × 10−6

µ1
(cm2/Vs)

90

µ2
(cm2/Vs)

80

µ3
(cm2/Vs)

90

ρs

(� cm)
0.005

lth
(µm)
500

Ath
(µm)
625

dedg
(µm)
0.5

βth
(W/mK)

93.9

βs

(W/mK)
150

Scap
(µλ/K)

200

Ssub
(µλ/K)

570

T

(K)
300

N1
(cm−3)

2 × 1020

N2
(cm−3)

5 × 1019

N3
(cm−3)

5 × 1019

COOLING POWER DENSITY

From a practical point of view, an important parameter of any refrigerator is the
cooling power density. Cooling power density is defined as the heat load power per
unit area that lowers the cooling temperature difference down to zero. This would take
into account the thickness of the layer over which cooling happens. Ninety degrees
of temperature drop over 100 µm has the same temperature gradient as 2.7 degrees
over 3 µm. We have calculated the cooling power density for current SiGe/Si thin-film
cooler (Figure 10b) and the optimized one (Figure 11b) in Figure 17. Cooling power
density of about 2300 W/cm2 is attainable with single-stage SiGe/Si thin-film coolers.
One can compare the cooling power density of these coolers with that of conventional
thermoelectric coolers, which is about 4–5 W/cm2.
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Figure 17. Cooling power density for current and optimized SiGe/Si thin-film coolers for various device sizes.

SiGe is a good thermoelectric material for high-temperature refrigeration and power
generation applications [27]. Besides single-element bulk SiGe thin-film coolers, single-
element SiGe/Si superlattice coolers based on thermionic and thermoelectric effects have
been fabricated [12, 18]. Superlattice structures can enhance the cooler performance by
reducing the thermal conductivity between the hot and the cold junctions [28, 29] and
by selective emission of hot carriers above the barrier layers in the thermionic emission
process [30, 31]. Moreover, the SiGe superlattice coolers have a better performance at
higher temperatures compared to SiGe/Si bulk coolers. The measured cooling for a 50 ×
50 µm2 n-type Si0.8Ge0.2/Si superlattice device at two temperatures of 25◦C and 250◦C
(heat sink temperature) is shown in Figure 18. The net cooling increases from 3.7 K at
25◦C to 11 K at 250◦C. The improved performance with the increase in temperature is
based on two facts. In the temperature range of our measurements, the figure of merit
ZT of SiGe superlattice increases with temperature due to smaller thermal conductivity
and larger Seebeck coefficient at higher temperatures [32]. Theoretical prediction based
on the presented model is plotted in Figure 18. Parameters used in this simulation are
exactly similar to those of Table 2, with the only assumption that the thermal conductivity
(β) is reduced at higher temperature (T ) according to β(T ) = β0 × (T0/T )n compared
with its value (β0) at room temperature (T0), where n is taken to be 0.2 for the range of
given temperatures.

SUMMARY AND CONCLUSION

Thin-film microcoolers have been fabricated and characterized. A model based on
device parameters and geometrical effects has been proposed and verified with various
microcoolers. Based on our model, different factors such as side contact effects, substrate
joule heating, and ohmic contact resistance have been studied. An optimized geometry
for the side contact is proposed.
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Figure 18. Calculated (dashed lines) and measured (symbols) cooling of Si0.8Ge0.2 50 × 50 µm2 device at
substrate temperatures of 22◦C to 250◦C.

Table 3. Parameters of SiGe cooler in Figures 11b and 11c

dSiN
(µm)
0.2

d1
(µm)
0.3

d2
(µm)

3

d3
(µm)

1

ds

(µm)
535

β1
(W/mK)

6.5

β2
(W/mK)

6.5

β3
(W/mK)

6.5

βs
(W/mK)

150

βSiN
(W/mK)

0.22

βm

(W/mK)
63.8

ρm

(� cm)
1.1 × 10−5

dm

(µm)
1.7

µ1
(cm2/Vs)

90

µ2
(cm2/Vs)

80

µ3
(cm2/Vs)

90

dedg
(µm)
0.5

ρs

(� cm)
0.5

ledg
(µm)

2

Scap
(µλ/K)

200

Ssub
(µλ/K)

570

T

(K)
300

N1
(cm−3)

2 × 1020

N2
(cm−3)

5 × 1019

N3
(cm−3)

5 × 1019

Table 4. Comparison of maximum cooling for three cases of
side contact for the device size of 20 × 20 µm2

Maximum cooling (C◦)

Ohmic contact (� cm2) 1 × 10−6 1 × 10−7

Current SiGe microcooler 4 8.1
If the side contact is optimized 4.4 9.5
If the side contact is removed 8.8 16

It was shown that the ohmic contact resistance is the dominant factor limiting the
performance of thin film coolers. Table 4 shows a comparison of some cases studied
based on our model.

It was also shown that substrate joule heating and thermal resistance are not an issue
limiting the cooling power for the current thin-film microcoolers. Thinning/removing the
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Table 5. Optimized side contact width along with
maximum achievable cooling for two ohmic contact
resistance values and for various device sizes

W
Optimum
Au (µm)

Device size 1 × 10−6 a 1 × 10−7 a

(µm2) 4.4◦Cb 9.5◦Cb

30 × 30 10–14 14–22
20 × 20 4–7 8–10
10 × 10 2–3 2–3

aOhmic contact (� cm2).
bMax. cooling.

substrate can improve the cooling power of larger devices. Table 5 shows a comparison
of maximum cooling of different device sizes for two cases of ohmic contact resistances.

It is assumed that the side contact is optimized by the proposed geometry here. A
range of widths for the side contact strip is suggested in order to be considered in the
fabrication tolerances.
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