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Abstract

Flexible thermoelectric power generators fabricated by evaporating thin films on flexible fiber substrates are demonstrated to be feasible candidates
for waste heat recovery. An open circuit voltage of 19.6 wV K per thermocouple junction is measured for Ni-Ag thin films, and a maximum power
of 2nW for 7 couples at AT=6.6K is measured. Heat transfer analysis is used to project performance for several other material systems, with
a predicted power output of 1 wW per couple for Bi,Te;/Sb,Tes-based fiber coatings with a hot junction temperature of 100 °C. Considering
the performance of woven thermoelectric cloths or fiber composites, relevant properties and dimensions of individual thermoelectric fibers are

optimized.
© 2007 Published by Elsevier B.V.

Keywords: Flexible power generator; Thin film thermoelectrics; Convectively cooled thermoelectrics; Waste heat recovery

1. Introduction

Thermoelectric (TE) power generators can be used in many
cases to improve the efficiencies of mechanical and electrical
devices by converting waste heat energy to electrical power.
Such generators are typically fabricated from [bulk] semicon-
ductors such as BipTes and SiGe, making them rigid and
unsuitable for covering large areas. In order to improve ther-
mal contact to heat sources of arbitrary geometry, it is desirable
to produce thermoelectric generators which can conform easily
to a surface. However, devices based on flexible thermoelectric
materials such as organic semiconductors have proven imprac-
tical to date due to low intrinsic electrical carrier mobility [1].
Another approach involves embedding discrete miniature TE
chips in a flexible matrix, but suffers weight penalties associ-
ated with bulk materials and potentially entails complex and
expensive fabrication.

A more desirable configuration is a thin film-based, flexible
and lightweight thermoelectric device which may be fabricated
in a cost-effective reel-to-reel fashion. Energy conversion using

* Corresponding author. Tel.: +1 734 764 4312; fax: +1 734 763 4788.
E-mail address: mshtein@umich.edu (M. Shtein).

0378-7753/$ — see front matter © 2007 Published by Elsevier B.V.
doi:10.1016/j.jpowsour.2007.09.096

flexible devices is a concept which is finding broad application
in many energy-harvesting devices. These include photovoltaic
cells [2] and organic light emitting diodes (OLED) [3] fabricated
by depositing thin films on flexible substrates and flexible piezo-
electric membranes or fibers [4,5]. In addition, miniaturization
of energy conversion devices is also attractive for powering low
power electronics using readily available energy sources such
as human body heat [6], heel strikes in walking [6], etc.
Previous work in flexible thermoelectric power generators
has involved fabrication of multiple thermocouple junctions
on flexible planar substrates. Itoigawa et al. [7] used a wavy
polyimide sheet with junctions at the top and bottom of the sheet
to build a flexible thermopile. Sato and Takeda [8] used a com-
bination of copper and polyimide sheets as a flexible substrate
to create an inplane temperature gradient from a crossplane
heat flux. Both of these techniques require photolithography
and precision machining, and their flexibility is limited by the
thickness of the substrate. Here we propose and demonstrate a
flexible thermoelectric generator based on thin film thermoelec-
tric junctions on flexible fibers. These fibers can be woven into
energy-harvesting fabrics or can be interwoven with structural
fibers such as carbon fibers to create an energy-harvesting
composite. We deposit thin films using thermal evaporation, a
technique which can be readily scaled up in a high-throughput
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Fig. 1. (a) Picture of striped thin film thermoelectric fiber made with thermal
evaporation of nickel and silver. (b) Illustration of fiber with thin film deposited
on one side. (c) Schematic of experimental setup for applying a temperature
gradient and measuring the induced open circuit voltage.

reel-to-reel fashion for the fabrication of devices such as
thin-film solar cells and organic LEDs. To prevent abrasion
of the thermoelectric coating or electrical shorting, the fibers
can be easily coated with a light-weight plastic barrier film,
either by solution coating, or by chemical vapor deposition
[9]. Weaving techniques used in common textiles or those
specifically developed for electronic textiles [10] can be used
to establish robust parallel and series electrical interconnects.

2. Fabrication method and testing procedure

Thin-film metallic thermocouples are a convenient basis for
the proof-of-concept demonstration of thermoelectric fibers.
Adjacent stripes of nickel and silver are deposited on one side of
a silica fiber of diameter 710 wm by thermal evaporation under
a vacuum of 5 x 10~7 Torr, as shown in Fig. 1a and b. First a
silver layer of thickness 120 nm is deposited through a mask; the
mask is then moved to cover the deposited silver, and a nickel
layer of thickness 120 nm is deposited. The junctions are formed
by a 0.5 mm overlap between the two metals.

To test the thermoelectric properties of the fiber, we heat alter-
nate junctions, resulting in a temperature gradient that mimics
the heating profile of the fiber inside a woven pattern which has a
temperature gradient normal to the surface. As shown in Fig. 1c,
we use electrically insulated posts with heating wire wrapped
around them as heat sources, bringing alternate fiber junctions
in contact with them. The unheated junctions are exposed to
ambient (22 °C) and lose heat due to convection. Temperature
differences between neighboring junctions are measured using
microthermocouples. Open circuit voltage versus temperature is
measured, as well as the induced voltage across a matched load
resistor.

3. Results and discussion

The resistance of the thermoelectric fiber is measured to be
123 2, which includes the contact resistance between gold wires
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Fig. 2. Net thermal voltage and maximum power output as a function of tem-
perature applied for 7 couples.

and the ends of the TE fiber. This gives a total resistivity of
470n2 m for Ni—Ag, which is higher than literature values of
190 n2 m [11] for vacuum evaporated nickel and 20 n2 m [12]
for vacuum evaporated silver. The larger resistivity is attributed
to junction and contact resistivity, as well as film quality.

In Fig. 2 the open circuit voltage developed as a function of
temperature difference (AT) between the junctions and the max-
imum power output is plotted. The net open circuit voltage is sum
of the thermoelectric voltage developed over all the junctions.
A linear fit to the experimental data yields a Seebeck coefficient
of 19.6 £ 0.6 wV K, which agrees well with the bulk theoretical
value for the Ni-Ag junction of 19.2 WV K [13]. The measured
Seebeck coefficient shows no dependence on film thickness or
substrate geometry. The maximum generated power is measured
by placing a load resistor with resistance matched to that of the
fiber and is given by:

» n?S*AT? |

max — 47Rf ( )
where Ppax 1S the maximum power output, S is the net Seebeck
coefficient of each junction, n is the number of thermocou-
ples, and Ry is the total electrical resistance of the fiber which
can be written as (idealizing for the case of no added junction
resistance):

Pe Pp
Ri=|—+—|nl 2
£ (Ae+Ap>n @)

where p, and p, are the electrical resistivity of n and p seg-
ments and A, and A, are respective cross-sectional areas. The
maximum power increases as the square of the temperature dif-
ference applied, which is seen in the experimental data in Fig. 2.
The internal resistance of the fiber and the combined Seebeck
coefficient of the junction also affect the power output. Fig. 3
plots the voltage and power versus the current produced by a sin-
gle thermocouple for a constant A7=3.1 K. At a constant AT,
the fiber acts as a constant voltage source, where the maximum
current is given by the short circuit current. With an increase
in load resistance, the current decreases, but the output voltage
increases, and hence there is a maximum in the power output
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Fig. 3. Power and output voltage as a function of current for AT=3.1K for 1
couple.

at a load resistance that is matched to the resistance of fiber.
Increasing the number of thermocouples will increase the max-
imum output voltage (AVqpc), as well as the slope of the graph
(i.e. fiber resistance, Ry). As Eq. (1) indicates, the power will
increase linearly with the number of couples.

Inthermoelectric power generators AT is often a fixed param-
eter, given for example by the wall temperature of the heat source
and the lowest heat sink temperature accessible via convective
cooling. In the case of constant AT, the power simply scales as 1//
with increasing segment length /, due to an increase in the elec-
trical resistance [14]. Taking into account the effect of contact
resistance, an optimization of power can be obtained [15,16]. For
fiber-based flexible thermoelectric power generators, one prac-
tical configuration would involve a woven thermoelectric fabric
wrapped around a hot object, experiencing convective cooling
on the opposite side. Under these boundary conditions, both AT
and resistance can change with segment length, and an opti-
mization in power output can also be obtained. To investigate
the optimization conditions for power output, a simple fin heat
transfer equation is used to calculate the temperature difference
between the hot and cold junctions. The thermal resistances of
the thin film and fiber substrate are given by [17]:

l
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where r; and r; are the outer and inner diameters as shown in
Fig. 1, kfper 1s the thermal conductivity of the fiber, and kg, iS
the thermal conductivity of the thin film. For the silica fiber, the
thermal conductivity is 1.2 W mK, and the thermal resistance of
both metal films is calculated to be at least 9 times larger than the
thermal resistance of the fiber; hence heat transfer through filmis
neglected. If thicker films of metals were to be used, then the heat
transfer through the film would become important. Each segment
of fiber can be treated as a fin with a given hot temperature 7},
as shown in inset of Fig. 4. Because of the symmetry in the
temperature profile, a boundary condition of zero net heat flux
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Fig. 4. Temperature of cooler junction as a function of temperature of hot-
ter junction from experiment, fin calculation and FEM simulation. Inset: one
dimensional heat transfer along a segment can be modeled as fin heat transfer
with adiabatic boundary condition (BC) on end of segment and convection on
fiber surface.

(dT/dx=0) is used on both ends of the segment. The temperature
in the segment is given by [17]:
cosh m(l — x)
T(x)=Too+ (T — Too) X ————— &)
cosh ml
where T is the ambient temperature which is assumed to be
22°C and m is given by [17]:

4h ©)
m =
kﬁber D

where 4 is the heat transfer coefficient and D (=2r) is the diam-
eter of the fiber. The heat transfer coefficient is obtained by
fitting the experimentally obtained 7, with that calculated from
Eq. (5). For a value of h=7.8 Wm?K, a good match between
experiments and calculation is obtained. This value is consis-
tent with the cooling of a small surface by natural convection.
Fig. 4 shows the T, obtained from Eq. (5), finite element model-
ing (FEM) simulations using AN SYS™ (18], and experimental
data. Eq. (5) gives a good match with experiments. The FEM
simulations where exact modeling is done also show the same
T, further verifying the model.

Fig. 5 shows the predicted power obtained per couple ver-
sus the segment length for Ni-Ag thermocouples with the same
film thickness as in the experiments. Using Eq. (5), AT can be
calculated, and the net power per couple can be written as:

w82 (T, — Too)’t D( 1

2
x —(1- ) 7
8(pe + pp) l cosh /4h [ kfiper DI

where ¢ is the thickness of films. With an increase in segment
length, the resistance of the fiber-based thermoelectric device
increases linearly. However, there is also an increase in AT,
until the maximum AT of T, — T is obtained. At short segment
lengths, the increase in AT dominates, and there is an increase
in power. At large segment lengths, AT saturates at a value of
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Fig. 5. Power per couple vs. the segment length for different hot junction tem-

peratures.

Th — T, and the power decreases as 1/l. A maximum power
per couple is obtained by minimizing Eq. (7) with respect to [,
yielding an optimization condition for a given diameter of fiber:

4h
L max = 2.4

For the silica fiber having approximately 0.71 mm diameter
used in the experiments here, /n,x = 13 mm is obtained. Smaller
diameter fibers would allow a shorter segment length.

Other controllable parameters include the thickness and com-
position of the deposited thin films. In Fig. 6, the effects of
depositing materials with high thermoelectric figure-of-merit
(ZT) at different film thicknesses are investigated. The alloy
BiyTes—SbyTes is a high ZT material, but for thin films the
increase in resistance in using semiconductors can offset the
effect of increased thermopower. The Seebeck coefficient for

BirTe3—Sb,Tes is taken to be 375 wV K, and the total resis-
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Fig. 6. Comparison of power per couple from Ni—Ag thin films on silica fiber
substrate and Biy Te3—Sb,Tes thin films on silica and polyimide fiber substrates

for T, =100 °C.
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tivity is taken to be 33.5 w Q2m. These values are adopted
from [19], which measured thin films deposited onto glass
substrates at 260 °C. Similar values have also been obtained
for Bi;Te3—SbyTes films evaporated on polyimide substrates
[20]. For Bi;Te3—SboTez thin films having the same thick-
ness as Ni—Ag films, the generated power is predicted to
increase by a factor of 5, limited by a comparatively higher
resistivity in the semiconductor material. Because semiconduc-
tors have lower thermal conductivity than metals, they can be
deposited as thicker layers (with correspondingly less electri-
cal resistance) without reducing AT due to thermal leakage
between the hot side and cold side. Our calculations show
that Bi;Te3—SbrTe; films [having thickness] on the order
of 2000nm (still thin enough to remain flexible) can pro-
duce an order of magnitude increase in power over 120 nm
films.
If polymer fibers such as polyimide are used, rather than
silica fibers, an additional advantage of lower substrate ther-
mal conductivity can lead to increased power output. Taking
the thermal conductivity of polyimide to be 0.2 W mK [20,21]
and the heat transfer coefficient to be the same as that measured
for silica fibers, we plot in Fig. 6 the power output per cou-
ple for a hollow polyimide fiber of outer diameter 550 wm and
inner diameter 500 wm. Convection on the inside of the fiber
is neglected, and the AT is calculated using Eq. (5). A power
output of 1 wW per couple for segment length of 5 mm can be
achieved for T;, =100 °C. Hence, hollow polyimide fibers can
be good candidates for compact, relatively high power thermo-
electric power generators. The lower thermal conductivity of
polyimide than that of silica allows a larger A7/l to be main-
tained, shifting the peak in power generation to shorter segment

lengths.

4. Summary

We demonstrated novel fiber-shaped thermoelectric devices
comprised of thermally evaporated thin film thermocouples.
Open circuit voltage and electrical power output have been
measured as a function of temperature difference between the
junctions. Using a simple heat transfer analysis, these mea-
surements were extended to different thermocouple segment
lengths, material systems and fiber geometries. The combina-
tion of our experimental and theoretical analyses in optimizing
thermoelectric fiber device performance suggest that this device
architecture can be effectively applied in making flexible ther-
moelectric power generators for waste heat recovery. Utilizing
thicker semiconductor films evaporated onto hollow, low ther-
mal conductivity substrates represents an opportunity to further
increase power extraction efficiency from heat sources having a

variety of shapes.
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