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Aminiaturized thermoelectric (TE) coolermodule is composed of
a large number of TE legs connected electrically in series and
thermally in parallel.[1] TE devices operating near room
temperature typically create a temperature difference of
30–50 8C, and the TE film thickness for such devices ranges
from 10 to 100mm.[2] From manufacturing and reliability
perspectives, the design of TE cooler modules is often
constrained by the shear stresses that result from differential
thermal expansion, both during steady-state operation and during
on/off cycling. In bulk systems, various strategies, such as
spring-loaded systems, tension bolts, and welding, have been
proposed to enhance compliance during device operation.[3]

However, none of these strategies can be directly applied to
thin-film based miniaturized TE devices. Additionally, for TE
devices operating at higher temperatures, a pressing need exists
for stable, compliant, and low thermal resistance interface
materials between the TE element and the metallic interconnects.
With this motivation, we report here a scalable electrodeposition
process to integrate thick-film TE materials with carbon
nanotubes (CNT) arrays.

Recently, CNT arrays have been reported to exhibit excellent
fatigue strength under cyclic compressive loading[4] and as
interface materials, they have been shown to achieve low
thermal[5] and electrical[6] interface resistances at moderate
contact pressures. Further, CNTs are amenable to heterogeneous
integration with other materials.[7] These attributes suggest that
compliant CNT arrays can be integrated with minimal parasitic
additions to the total electrical and thermal resistances of a TE
device.
The common substrate for this work was 5� 6mm2

Ni(200 nm)/Ti (800m)/SiO2(1mm)/Si(300mm). For CNT array
synthesis, some of these substrates were coated with a metal
tri-layer structure of Fe (2.5 nm)/Al(10 nm)/Ti(30 nm) by electro-
n-beam evaporation. Multi-walled CNT arrays were synthesized
on these substrates by microwave-plasma chemical vapor
deposition (MPCVD). The feed gases for the reaction were
methane at 10 standard cubic centimeter per minute (sccm), and
hydrogen at 50 sccm, The reaction temperature and pressure
were 1173K and 10Torr (1 Torr¼ 133.32 Pa), respectively. Further
details of the CNTsynthesis by the MPCVD technique have been
reported.[5] The remaining substrates, without CNTs, served as
control samples. CNTarrays were imaged using a Hitachi S-4800
field-emission scanning electron microscope (FESEM) (Fig. 1).
The average length and diameter of the CNTs were 25mm and
40nm, respectively.

Bismuth telluride (Bi2Te3) was chosen as a representative TE
material for TE/CNT integration by electrodeposition, as it is the
parent compound of the alloys used in commercial Peltier devices
optimized for cooling at temperatures near 300K.[8] Using a
Bio-Analytical Systems (BAS) Epsilon Electrochemical System,
Bi2Te3 was electrodeposited potentiostatically on the CNT
array-coated substrates, and these films were compared with
Bi2Te3 films electrodeposited directly on bare metallized
substrates. A three-electrode setup was used with a CNT
array-coated working electrode, platinum mesh counter elec-
trode, and an Ag/AgCl (3 M NaCl, 0.175V versus NHE) reference
electrode. The deposition bath was composed of Bi3þ

(0.75� 10�2
M) and HTeO2

þ (1� 10�2
M) (both Alfa Aesar,

99.999% pure) and HNO3 (1 M) at 298K.[2,9] Continuous
one-minute pulses at �50mV were applied between the working
and the reference electrodes for about 10 h for electrodeposition
Figure 1. a) Side view of the MWCNT array and b) magnified image of
MWCNT array.
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Figure 2. FESEM images showing a) nucleation of Bi2Te3 on individual MWCNTs, b) Bi2Te3
film/CNT array interface, and a c) magnified view of the Bi2Te3 film/CNT array interface.
d) Comparison of X-ray diffraction pattern obtained from Bi2Te3 film electrodeposited on
Ni(200 nm)/Ti(800 nm)/SiO2(1mm)/Si(300mm) substrate and similar Bi2Te3 film electrodepos-
ited on top of CNT arrays. The background in the samples is due to the relatively small size of the
samples. All of the indexed diffraction peaks correspond to Bi2Te3 except MWCNT 002, MWCNT
101, and Si 400 peaks, labeled accordingly.

Figure 3. FESEM images showing a) top view of a Bi2Te3 pattern electro-
deposited on top of a CNT array and b) side view of a thick Bi2Te3 pattern
on CNT array.
of�50mm thick Bi2Te3 films while maintaining a current density
of about 5mA cm�2.

FESEM images were obtained to assess the morphology of the
deposited TE/CNT heterostructures in both plan and cross-
sectional views (Fig. 2a–c). It can be inferred from the FESEM
images that the Bi2Te3 electrodeposited on and around the CNTs
and ultimately extended above the CNT array as a continuous
polycrystalline thin film. Different durations of electrodeposition
resulted in film thicknesses ranging from 1 to 100mm. Figure 2d
shows X-ray diffraction patterns obtained from a Bi2Te3 film
deposited directly on a silicon substrate and another grown on
CNTarray. The X-ray diffraction patterns confirm the presence of
polycrystalline Bi2Te3 film on the CNT array, and the crystalline
quality of the film is similar to that grown under similar
electrodeposition conditions directly on a metalized silicon
substrate. There is a detectable influence of the CNTarray on the
orientation of the Bi2Te3 film and that effect is observed in X-ray
diffraction patterns. Some of the X-ray diffraction peaks observed
in the pattern from the TE/M heterostructure were found to be
missing, or slightly displaced in the pattern from the TE/CNT/M
heterostructure (Fig. 2d). This is expected because the CNT array
underlayer, as opposed to the metal substrate, is a non-planar
substrate that is mechanically compliant. Thus, any influence of
the substrate on crystallographic texture or deposition-induced
stress will be manifested in subtle differences in peak intensity
and diffraction angle. The possibility that carbon contamination
from the CNTs could have influenced the texture and lattice
parameters is remote, as there was no evidence of CNT
Adv. Mater. 2009, 21, 4280–4283 � 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
dissolution during electrodeposition, and the
Bi2Te3 were sufficiently thick to ensure that
much of the growth occurred by Bi2Te3
deposition on Bi2Te3 rather than on CNTs
directly.

For electrodeposition of Bi2Te3 patterns on
CNT coated surfaces, towards development of
a multi-coupled TE device, an optical litho-
graphy-based fabrication process was devel-
oped. On a CNT array coated surface (CNT/Ni
(200 nm)/Ti (800 nm)/SiO2 (1mm)/Si
(300mm)),MicroChemicals AZ-9260 was spin-
coated to obtain a photoresist layer with a
thickness of �7mm. The photoresist was then
patterned using optical lithography to open
windows for the electrodeposition of Bi2Te3
patterns. The underlying metallic layer
beneath the CNT layer provided an electrically
conducting path through the sample, and the
non-conducting photoresist mold restricted
electrodeposition of TE materials to the
exposed CNT region. This strategy may be
employed to develop p- and n-type TE legs on
CNTarray coated metallic surfaces for thermo-
mechanically compliant multi-couple TE
microdevices (Fig. 3a, b).

To study the effects of the CNT interface
material on the relative thermomechanical
robustness of the TE/CNT/M heterostructure,
the temperature excursion required to induce
catastrophic failure (i.e., delamination of the
film) was assessed for samples with and without the CNT
interface material. The samples were compared to Bi2Te3 films
(5mm thickness) with lateral dimensions of 5mm by 6mm
deposited directly on either metallized (Ni(200 nm)/Ti(800 nm)/
SiO2(1mm)/Si(300mm)) substrates or 25mm thick CNT arrays
grown on the same metallized substrate. Samples of both types
were subjected to the same thermal cycle (ramp¼ 600 8C h�1,
dwell¼ 1 h, quench to room temperature) in forming gas (5%H2,
95% Ar) in a controlled environment furnace (Lindberg
horizontal, three zone tube furnace).

After each thermal cycle, the films were visually analyzed for
signs of cracks or peeling, and the observations are presented in
Table 1. For samples without a CNT interlayer, TE films
completely delaminated from the substrates for a temperature
rise (DT¼ TFurnace�TRoom) greater than 200K. However, for the
heim 4281
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Table 1. Thermomechanical failure of TE/CNT/Si and TE/Si structures.

DT [K] Maximum shear

displacement [mm]

TE/Si structure

observations

TE/CNT/Si structure

observations

50 3.12 No effect No effect

100 6.24 No effect No effect

150 9.36 No effect No effect

200 12.48 Film delaminated No effect

250 15.60 Film delaminated No effect

300 18.72 Film delaminated No effect

350 21.84 Film delaminated No effect

400 24.96 Film delaminated Cracks appeared in film

Figure 4. Thermal interface resistance as a function of interface tempera-
ture measured using the PA technique. The error in the interface resistance
measurements is �1 mm2K W�1 and too small to appear on the log-scale
for the larger resistance values.

4282
samples with CNT arrays as an interfacial layer between the
Bi2Te3 film and the metallized substrate, the TE film remained
well adhered to the substrate in all samples up to a temperature
rise of 350K (Table 1). Using the literature values for coefficients
of thermal expansion for Si (2.6� 10�6 K�1 [10]) and Bi2Te3
(13.0� 10�6 K�1 [11]), the theoretical stress-free lateral displace-
ment between the TE film and the substrate was calculated and is
also indicated in Table 1. This maximum displacement was
calculated at the perimeter of the Bi2Te3 film, assuming zero
lateral displacement at the center. The maximum magnitude of
the calculated stress-free displacement at the edge of the filmwith
the CNT interface is 25mm at the maximum temperature rise
before failure. This value matches the average CNT length,
supporting the hypothesis that the CNT interface exhibits high
compliance up to the point that the CNTs are under tension. Once
the CNTs are taut, further differential expansion induces
mechanical failure manifested by cracking that initiates at the
outer surface of the TE film under tension induced by buckling.

Effects on the thermal resistances between the metal and TE
film, with and without a CNT layer, were measured as a function
of interface temperature using a photoacoustic (PA) technique
that has been detailed previously.[12,13] Briefly, in the PA
technique, a sinusoidally modulated fiber laser is used to
periodically heat the surface of the samples. The heated area of
the sample’s surface is surrounded by a sealed acoustic chamber;
thus, a periodic pressure signal is produced, as measured by a
microphone housed in the chamber wall. The measured pressure
signal is used in conjunction with a thermal model to determine
thermal interface resistance.[13]

In the PA technique, an 80 nm layer of Ti was deposited on
relatively thin Bi2Te3 films (�30mm) to absorb the laser energy at
the sample surface and to ensure adequate sensitivity to interface
resistance. The measured interface resistances for the Bi2Te3/
CNT/M/Si and the Bi2Te3/M/Si (control) samples are illustrated
as a function of interface temperature in Figure 4. The thermal
interface resistance for the TE/CNT structures was found to be
30� 10�6m2K W�1, whereas for the TE/M contacts it was
�2� 10�6m2K W�1 with an uncertainty of �1m2K W�1. From
a TE device-level perspective, the interface resistance should be
less than 10% of the TE leg resistance. For Bi2Te3 films of 100mm
thickness, the measured thermal interface resistances of CNT-TE
samples is �55% of the intrinsic resistance of the TE film itself
(0.55 K W�1, corresponding to a measured thermal conductivity
of 1.8W (m K)�1 at 350K). For all control samples the interface
resistance was about 3% of the TE film thermal resistance
� 2009 WILEY-VCH Verlag Gmb
(0.23 K W�1, corresponding to a measured thermal conductivity
of 1.5W (m K)�1 at 350K). The higher thermal resistance at the
TE/CNT/M/Si interface might be caused by reduction in the
contact area due to the CNT array porosity. However, solid
solutions of Bi2Te3 or other classes of TE materials with reduced
thermal conductivity might still benefit from this strategy. For
example, the thermal conductivity of a typical (Bi0.7Sb1.3)
(Se2.91Te0.09) alloy is 1.1W (m K)�1 at 330K.[14] A 300mm thick
film of this TE material with the bulk value of thermal
conductivity would present a thermal resistance that is about
nine times larger than the interface resistance measured in the
present study. Furthermore, prior work has shown that contact
resistance decreases with increase in pressure on the con-
tact.[5,6,12] Thus, mechanical compression of the TE/CNTcontacts
may reduce thermal contact resistance in the CNT-TE structures.

In conclusion, integration of CNT arrays and TE materials by
an electrodeposition process has been shown to improve
thermomechanical compliance of the contacts. The TE/CNT/
M/Si hybrid contact with a maximum lateral dimension of 6mm
showed an increase of more than 150K in the maximum
temperature excursion without mechanical failure. Thermal
interface resistances of the TE/CNT/M/Si and the TE/M/Si
contacts to unalloyed Bi2Te3 films were measured, yielding
30� 10�6 and 2� 10�6m2K W�1, respectively. Although the
CNT interface layer increases the total thermal interface
resistance, the contribution of the CNT interfacial layer to
the total thermal resistance is expected to be�11% of the thermal
resistance of (Bi0.7,Sb1.3)(Se2.91,Te0.09) alloy TE leg of 300mm
thickness. Finally, a process flow was developed for patterned
synthesis of TE films on CNT array coated surfaces.
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