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Abstract

The fabrication of thermopiles suitable for thermoelectric cooling and energy generation using BiTe; and Sb,Te; as n- and p-type layers,
respectively, is reported. The thin-film thermoelectric material deposition process, thin-film electronic characterization and device simulation is
addressed.

The thermoelectric thin-films were deposited by co-evaporation of Bi and Te, for the n-type element and Sb and Te, for the p-type element.
Seebeck coefficients of —190 and +150 wV K~! and electrical resistivities of 8 and 15 Q2 m were measured at room temperature on Bi, Te; and
Sb,Te; films, respectively. These values are better than those reported in the literature for films deposited by co-sputtering or electrochemical
deposition and are close to those reported for films deposited by metal-organic chemical vapour deposition and flash evaporation.

A small device with a cold area of 4 mm x 4 mm? and four pairs of p—n junctions was fabricated on a Kapton® substrate, showing the possibility
of application in Peltier cooling, infrared detection and energy generation.

Small devices fabricated on a polyimide (Kapton®) substrate and micro-devices fabricated on a silicon nitride substrate were simulated using
finite element analysis. The simulations show the possibility of achieving near 20 K cooling over 1 mm? areas.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction The thermoelectric performance of the thermoelectric mate-
rials is characterized by the dimensionless figure of merit param-
Thermoelectric cooling is widely employed in electronics eter (ZT):
to stabilize the temperature of devices, decrease noise levels

and increase operation speed. And since Peltier devices are 7T — 0172 T )
reversible, they can also be used as electrical generators, convert- PA

ing thermal into electrical energy. Commercial Peltier devices

are usually fabricated on a transversal (cross-plane) configura- Where « is the Seebeck coefficient, p the electrical resistivity,
tion (Fig. 1). In theory, this configuration could be reduced for ~ * the thermal conductivity and T' the temperature [2]. While
micro-device fabrication, but the conventional fabrication pro-  the search for thermoelectric materials with higher figures of

cesses are not scalable to the micrometer range. Using a lateral ~ Merit is going on [3] (with higher Seebeck coefficients, lower
(in-plane) configuration (Fig. 2), thin-film techniques can be electrical resistivities and lower thermal conductivities), efforts
used to scale down the thermoelectric coolers and generators to  are currently made to achieve compatibility with state-of-the-art
micro-device dimensions [1]. In the present work, planar thin- electronic materials and in particular with silicon-wafer tech-

film technology will be used to fabricate such devices. nology [4]. In this paper, the possibility of integration with
next-generation flexible electronic devices is also demonstrated.

Tellurium alloys (BipTe; and SbyTe3) are well-established
* Corresponding author. Tel.: +351 253510190; fax: +351 253510189. low-temperature thermoelectric materials and are widely
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Fig. 2. In-plane (lateral) Peltier cooler.

coolers [2]. Different deposition techniques can be used to
obtain Bi-Sb-Te thin-films. Thermal co-evaporation [5],
co-sputtering [6], electrochemical deposition [7], metal-organic
chemical vapour deposition [8] and flash evaporation [9] are
some examples. In this work, thermoelectric energy converters
are addressed, from simulation and performance prediction, to
materials deposition and optimization and device fabrication. A
Peltier cooler and a thermopile in a single device to implement
a self-calibrated micro-pyrometer, operating in the 20-100°C
measuring range, is the final goal of this work.

2. Simulation

Each p-n thermoelectric pair of the Peltier cooler can be mod-
elled [1] by Eq. (2).

1
AT (ap — an)Tel — ERqu2 — OLoAD (2

Keq
AT is the maximum temperature difference achieved by the
cooler, oy, and ap are the Seebeck coefficients of the n- and
p-type materials, 7 is the cold side temperature, / is the current
injected in the device and Q1 oap is the sum of all thermal loads
applied. Req and Keq are the equivalent electrical resistance and
thermal conductance of n- and p-type elements, including the
effect of substrate and contact resistances, calculated with Eqs.
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Fig. 3. Schematic model of a Peltier cooler.

(3) and (4):
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where Wis the width, H is the height, L is the length, the indexes
n, p, m and c stand for n-type leg, p-type leg, membrane and
contact, respectively, p is the electrical resistivity and X is the
thermal conductivity. Eq. (2) assumes that the hot side of the
cooler is connected to a highly thermally conductive material
and to a heat sink, capable of keeping the hot side of the device at
room temperature. This can be achieved in a micro Peltier cooler
for example by the use of a silicon substrate as the heat sink. For
convenience of the simulation, Eq. (2) was implemented by the
schematic shown in Fig. 3 using electrical simulation software.

For more complex structures, the use of more powerful finite
element analysis tools is required. Two device types were sim-
ulated using finite element analysis:

e A small device (Figs. 2 and 9), with a cold area of 4 mm x 4
mm. This mini-device rests on a 25 pm-thick Kapton® mem-
brane and has 4 p—n pairs of thermoelectric legs, each with
dimensions of 2mm x 1 mm x 10 pm.

e A micro-device (Figs. 4 and 10), with cold area smaller than
1 mm?, supported by a 1 wm-thickness silicon nitride air-gap
bridge, cooled by three pairs of thermoelectric legs, with
dimensions of 100 pwm x 200 wm x 4 wm each. This device
will be used to cool down a radiation sensor and a thermopile
in a self-calibrated micro-pyrometer, as described below.

Results of the simulations show the possibility to obtain 18§ K
temperature difference with the mini-device and 10 K with the
micro-device, after considering conduction, radiation and con-
vection losses. Fig. 4 shows the temperature map simulated for
a micro-cooler device.

The performance of the Peltier cooler is largely affected by
the thickness and thermal conductivity of the supporting mem-
brane used as substrate. This is shown in Fig. 5 where the
temperature achieved with a thermoelectric cooler was simu-
lated using Egs. (2)—(4) and plotted as a function of the current
injected in the device, for different material composition and
thickness of the substrate membrane.
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Fig. 4. Finite element analysis shows the possibility to obtain 10 K cooling in a micro-device.
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Fig. 5. The supporting membrane affects largely the performance of a lateral
thermoelectric cooler.

3. Thin-film deposition

Bismuth, tellurium and antimony have large differences in
vapour pressure. This difference resulted in a compositional gra-
dient along the film thickness, when BiyTe; and SbyTes films
were directly evaporated from the compounds. This composition
gradient effect is also reported in literature [10]. The problem of
composition gradient can be overcome, though, by the use of co-
evaporation [5]. Bi and Te were evaporated from two indepen-
dently controlled molybdenum boats, in order to achieve BiTe3
films. A similar procedure was adopted for SbyTe; deposi-
tion from two independent Sb and Te sources. 15 mm x 15 mm,
25 wm-thick flexible Kapton® foils were mounted on a resis-
tive heater placed in the vacuum deposition chamber and used
as substrates for all films and devices fabricated. Plastic film
was chosen as substrate for being flexible, robust and having
low-thermal conductivity. While plastic mechanical properties
are advantageous for integration with any type of flexible elec-
tronic device, the specific choice of Kapton® was due to its high
upper working temperature (>300 °C), low-thermal conductiv-
ity (0.12Wm~!'K~1) and to its value of thermal expansion
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Fig. 6. A SEM photo of a homogeneous n-type 700 nm-thick Bi, Tes film.

coefficient (12 x 10-° K~1) which closely matches the thermal
expansion coefficient of the films, thus reducing residual stress
and improving adhesion. The co-evaporation method is inexpen-
sive, simple and reliable, when compared to other techniques
that need longer time periods to prepare the starting material or
require more complicated and expensive deposition equipment.
During deposition the substrate was heated to temperatures in the
range 200-300 °C. Two crystal oscillators and thickness moni-
tors were used to monitor the deposition rate of Bi/Sb and Te.
Each rate was maintained at a fixed value, through independent
control of the power applied to each molybdenum evaporation
boat. A mini-device was also made by this technique, using alu-
minium as the contact material, covered with a thin layer of
nickel, to decrease contact resistance between the thermoelec-
tric material and the contact metal. Stainless steel masks were
used to define the different n- and p-type layers and the contact
pads. Fig. 6 shows a cross-section of a Bip Tez film.

4. Results and measurements

Table 1 shows the composition, obtained by energy-
dispersive X-ray spectroscopy (EDX), of the best n- and p-type
films. Te and Bi (Sb) content shows that the composition of both
types of films is close to stoichiometry. X-ray diffraction (XRD)
analysis reveals the polycrystalline structure of the films. The
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Table 1
Measured properties of thermoelectric films
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Film Te (%) Bior Sb (%) Seebeck (nV/°C) Hall mobility (cm™2v-lg1y Resistivity (€2 m) Figure of merit
BiyTes 60.17 39.83 —189 75 7.7 0.93
Sb,Tes 58.51 41.49 140 70 15.1 0.26
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Fig. 7. A XRD analysis of an n-type Bi, Te3 thin-film. The peaks agree with the
powder diffraction spectrum for Bi, Tes (dashed lines).

peaks agree with the powder diffraction spectra for polycrys-
talline Bip Tes (Fig. 7) and Sb,Tes (Fig. 8).

In-plane film electrical resistivity and hall mobility were mea-
sured using conventional four probe van der Pauw geometry, at
room temperature. Seebeck coefficient was measured by con-
necting one side of the film to a heated metal block at a fixed
temperature and the other side to a heat sink at room tempera-
ture. Table 1 also shows the results of these measurements and
the corresponding figure of merit at 300 K (thermal conductivity
of 1.5Wm~! K~! was assumed for calculations).

Electronic properties and figures of merit of BiyTes films
prepared in this work are as good as the best found in literature
for the bulk material. SbyTes films could not attain the same
high-level of performance although showing relatively high per-
formance parameters.
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Fig. 8. A XRD analysis of an p-type SboTes thin-film. The peaks agree with the
powder diffraction spectrum for Sb,Tes (dashed lines).

Fig. 9. Thermoelectric mini-device fabricated on kapton substrate.

Fig. 9 shows a mini-device fabricated on Kapton® device,
with four pairs of Peltier junctions. Each thermoelectric leg has
the thickness of 2.3 wm and the metal contacts have thickness
of 0.5 wm. Seebeck coefficients of —169 and +151 wV K~! and
electrical resistivities of 12 and 17 w2 m were measured at room
temperature in n- and p-type films, respectively, which repre-
sents a sensitivity in the thermopile higher than 1.2mV K~
Due to technical problems during fabrication, the thickness of
the fabricated device (2.3 wm) is much lower then the thickness
desired (10 wm) and the achieved cooling does not exceed 2 K
in air and 5 K in vacuum, since all thermal energy is bypassed
by the substrate (simulation results, using measured properties
of the BipTe; and SbyTes films of the device). Thicker devices
are under construction to achieve predicted performance.

5. Application

A self-calibrated pyrometer sensor is under construction. The
pyrometer sensor is composed of a thermoelectric cooler and
thermopile infrared detector—both based on the n- and p-type
materials described above—and of an absorber, a black gold
strip built on the membrane (Fig. 10).

The thermopile will be used to measure the temperature rise
caused by radiation absorbed in the absorber. The Peltier cooler
is used to stabilize the temperature of the cold junction of the
thermopile at specific values. Finite element analysis, consid-
ering radiation and convection losses, shows the possibility to
obtain a 10K cooling of the sensor assuming a 650 p,W mm >
thermal power absorbance in the absorber of the radiation sensor
(radiation received on a 300 pm x 150 wm area at 293 K, emit-
ted by a black body target object at 373 K, at a distance of 1 m).
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Connections

Fig. 10. The micro-pyrometer is composed of thermoelectric cooler, thermopile
and a black gold strip.

The thermal power absorbed by the absorber of the radiation
sensor is calculated with Eq. (5):

Orap = s0(Tg — T As ®)

To and ¢ are the target object temperature and emissivity,
respectively, Ts is the sensor temperature (controlled by the
micro-cooler), Ag the absorber area and o the Stefan—Boltzmann
constant. The absorption factor of the absorber is omitted since
is considered to be one.

In a pyrometer, the radiation absorbed depends on the differ-
ence between the (unknown) temperature and emissivity of the
target object and the temperature and emissivity of the absorber.
It is impossible to compute the temperature of the target object
without correcting the reading with the emissivity of the target
object. In order to realize the self-calibration method described
elsewhere [11,12], several different temperatures of the sensor
will be set by the Peltier device. The method (Fig. 11) uses
different temperatures of the sensor (7s; and Tsy) to compute
the emissivity and temperature of the target object [12]. The
Peltier cooler has a small time constant because of its reduced
dimensions, making it possible to set different temperatures of
the sensor during the same temperature reading cycle, accord-
ing to the patented self-calibration method [11]. The principle
described is only valid when there is no object in the surround-
ings of the target object, which can reflect radiation into the
sensor, using the target object as mirror surface. This effect is
increased for high values of the target object reflectivity (which
means low-emissivity, since the object is considered to have zero

U =Keo(r'-T!) U,=Keo(r"-T")

4 Ul T942 - U2 Tv:l1
U1 - Uz

T =

€- Emissivity K, G- constants

T- Target temperature T sn— n™ sensor temperature

Fig. 11. Principle used to compute the target temperature, using the values
obtained by the micro-pyrometer cooled to different temperature [8].

transmittance). This error can be overcome by the use of more
than two set points (751 and Ts;) for the temperature of the sensor
in order to compute the final target temperature independently
of the surrounding reflections.

Industrial application of a network of micro-pyrometers for
measuring the temperature of textiles in movement, operating
in the 20-100 °C measuring range, representing a bandwidth of
5-20 pm in wavelength, is the final goal of this work.

6. Conclusions

State-of-the-art Bip Te3 and Sb,Tes materials, with large fig-
ures of merit, were deposited by co-evaporation in the form of
thin-films. The fabrication parameters (evaporation rates, sub-
strate temperature and composition) were studied and optimized
for best thermoelectric performance. Simulations of an in-plane
(lateral) Peltier cooler made with these films, using electrical
SPICE simulator or finite element analysis, show the possibility
of achieving 10-20 K temperature differences between the hot
and cold junctions. Results of simulations also reveal that the
thickness and thermal conductivity of the supporting membrane
affects significantly the performance of thermoelectric coolers.
In order to demonstrate compatibility with flexible electronic
concepts, a 25 wm-thick polyimide foil was chosen as substrate
due to its low-thermal conductivity and high upper working tem-
perature. Future use of a standing bridge as a substrate, obtained
by anisotropic etching of bulk silicon from the back of the wafer,
covered by a layer of silicon nitride, will allow integration with
silicon technology, but the higher thermal conductivity of the
silicon nitride, when compared to Kapton®, will force the use of
very thin bridges, in order to maintain the cooler performance.
Future work will also focus on the use of an encapsulating silicon
dioxide or silicon nitride layer deposited on the thermoelectric
elements for protection and packaging.
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