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A high-throughput method has been developed to evaluate the Seebeck coefficient and electrical resistivity
of combinatorial thin-film libraries of thermoelectric materials from room temperature to 673 K. Thin-film
samples several millimeters in size were deposited on an integrated Al,Oz substrate with embedded lead
wires and local heaters for measurement of the thermopower under a controlled temperature gradient. An
infrared camera was used for real-time observation of the temperature difference AT between two electrical
contacts on the sample to obtain the Seebeck coefficient. The Seebeck coefficient and electrical resistivity
of constantan thin films were shown to be almost identical to standard data for bulk constantan. High-
throughput screening was demonstrated for a thermoelectric Mg—Si—Ge combinatorial library.

Introduction

Thermoelectric materials have been of great interest
because of increasing technological demands for energy
conversion between heat and electricity. However, the
thermoelectric conversion efficiency is severely limited even
when using state-of-the-art thermoelectric materials. There-
fore, high-performance materials are urgently needed.'
Recently, studies have focused on raising the thermoelectric
figure of merit a*/(p «) that dominates the conversion
efficiency (a = Seebeck coefficient, p = electrical resistivity,
k = thermal conductivity). Since such efforts including bulk
synthesis and evaluation of the thermoelectric properties are
time-consuming, the combinatorial approach is considered
a powerful tool to explore thermoelectric materials.

Combinatorial methods have already been developed for
the synthesis of inorganic materials.>~> For thermoelectric
materials, several combinatorial studies have been performed
using custom-made screening tools.®’” The difficulty in
screening was the quantitative evaluation of o, which usually
requires both electrical and thermal contacts with the sample,
together with a well-controlled temperature gradient to
produce thermopower.

In this study, we developed a high-throughput screening
method for measuring the thermoelectric properties of a
combinatorial thin-film library. We used an infrared (IR)
camera to observe the temperature distribution of the library
because this technique has been successfully used to search
for catalysts via exothermic reactions.®® The library was
fabricated on a custom-developed integrated Al,Os substrate
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Figure 1. (a) Photograph of an integrated Al,O5 substrate having
eight constantan thin films (samples A—D and A'—D' in gray) on
the left side and 16 blank sample areas on the right side (represented
by a white dashed square). The sizes of samples A—D are 3 mm
X 2mm, 2.5 mm x 1 mm, 1.5 mm x 1 mm, and 1.5 mm x 2
mm, respectively. Four electrodes in sample A, two electrodes in
samples B—D, and embedded local heaters (red lines) are connected
with contact pads at the substrate edges via embedded lead wires
(white lines). (b) Close-up view of samples A and B. (c) A typical
thermal image of the same area as in b during operation of the
local heater.

with embedded lead wires and local heaters for measurement
of o and p. First, we evaluated a and p for a constantan
thin-film library consisting of four different sizes from room
temperature to 673 K to test the capability of our method.
Second, we evaluated a and p for an Mg,Si,Ge;—, (2.3 = x
< 4.1, 045 = y = 1) thin-film library consisting of 16
samples in the same temperature range. The composition
range is close to that of well-characterized Mg»Si,Ge;-, (0
=< y = 1) solid solutions possessing moderate thermoelectric
properties in the temperature range of 500-800 K.'°~'?

Experimental Section

Constantan Thin-Film Library. Constantan thin films
of 0.2 um thickness were deposited using the pulsed laser
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Table 1. Compositions of Each Mg,Si,Ge;-, Sample Measured by Electron Probe Microanalysis

1 2 3 4
composition X y 11—y X y 1—y X y 1—y X y 1—y
A 3.8 0.49 0.51 35 0.47 0.53 2.8 0.50 0.50 2.4 0.45 0.55
B 35 0.69 0.31 32 0.66 0.34 2.8 0.67 0.33 2.6 0.63 0.37
C 4.1 0.84 0.16 32 0.85 0.15 2.8 0.81 0.19 2.3 0.81 0.19
D 34 0.94 0.06 35 0.97 0.03 2.7 0.96 0.04 2.5 0.97 0.03

deposition method; the films were grown on an integrated
Al,O3 substrate (designed by us and manufactured by
Kyocera Corp.) through a stencil mask by ablation of a
constantan (Cu 55.41 wt %, Ni 43.55 wt %, Mn 1.04 wt %
alloy) target with 248 nm KrF excimer laser pulses (6.0 J
cm™?). The thin films were grown at room temperature in
an ultrahigh-purity Ar-H, (1%) gas at a pressure of 6.7 x
1072 Pa and annealed for 20 min at 773 K in the flow of the
same Ar-H, gas for crystallization. After the samples were
annealed, the sample surface was coated with a blackbody
paint (emissivity = 0.94 &£ 0.009) to enable reliable thermal
imaging.

The substrate with the samples was placed on a common
heating stage to control the temperature in a vacuum probing
system. Electrical contacts for measurement of o and p were
made with probes placed on contact pads at the edges of the
substrate, where the contact pads were connected to each
sample via the embedded lead wires as shown in Figure 1a.
Sample A had four electrodes for measurement of o and p,
and samples B—D had only two electrodes for measurement
of a (Figure 1b). p was measured by a conventional four-
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Figure 2. Thermopower (Vpes) as a function of temperature
difference (AT) at various temperatures. Solid lines are least-squares
fits of the data. The Seebeck coefficient (Ouyeas) at each temperature
is also shown.
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Figure 3. Schematic experimental configuration for measuring the
Seebeck coefficient and electrical resistivity. Ty is room temperature;
T, and Ty, are the temperatures at the connections between the probe
holder and the probe needle, and 7}, 7>, and 75 are the temperatures
at the contact pads and the sample electrodes.

probe configuration by application of a typical current of 1
mA with both current polarities. For the measurement of o,
the embedded local heaters in the substrate were fed with
currents (typically 0.1-0.4 A) through the contact pads to
produce a temperature difference, A7, within each sample.
It is noted that the substrate is inexpensive (several tens of
dollars per piece) and disposable because mass production
is possible.

Temperature measurements were performed by thermal
imaging with an IR camera (Nippon Avionics Co., Ltd.,
TVS-8500) detecting IR emissions of 2-5 um from outside
the vacuum probing system through a CaF, window with
temperature and spatial resolutions of <0.025 K and 0.1 mm,
respectively. A typical thermal image is shown in Figure
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Figure 4. (a) Seebeck coefficients of the constantan thin films
(samples A—D) (Oample) and the lead wire (Qeaq). (b) Electrical
resistivity of the constantan thin film (sample A) (p) as a function
of temperature. Standard data from the bulk specimen (filled
triangles) are also plotted.'* The horizontal error bars indicate the
accuracy of absolute temperature evaluated by the IR camera. Note
that the accuracy of AT is much better because of the subtraction
between the data in a same thermal image, yielding in negligible
errors in the values of Seebeck coefficient.

Figure 5. Photograph of the Mg—Si—Ge library consisting of 16
thin-film samples on an integrated Al,O; substrate. The size of each
sample is 3 mm x 2 mm. The characters (a—d and 1-4) address
each sample in Table 1 and Figure 6. Local heaters (red lines) and
lead wires (white lines) are embedded.
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Figure 6. Compositional dependence of the Seebeck coefficient (o) and electrical resistivity (p) at different temperatures for the Mg—Si—Ge
library. Characters a—d (column) and 1-4 (row) correspond to locations in Figure 5.

lIc. All measurements of o were performed for four samples
A—D with different dimensions to ensure sample size
independence.

Mg—Si—Ge Thin-Film Library. Two Mg,Si,Ge, -, (2.3
< x = 41,045 = y = 1) thin-film libraries of 0.2 um
thickness were fabricated on an integrated Al,O; substrate
and a BN substrate by the pulsed laser deposition method
and annealed for an hour at 673 K in a flow of Ar-H, (1%)
gas. One library consisting of 16 samples was fabricated on
the right side of the integrated Al,Os substrate (Figure 5) to
measure a and p. Another library was fabricated on the BN
substrate to evaluate the composition of each sample by
electron probe microanalysis because the boron nitride
substrate consisted of elements lighter than Mg, Si, and Ge,
enabling quantitative measurement of the composition. The
samples on the integrated Al,O3 substrate were analyzed by
X-ray diffraction (Bruker D8 Discover with GADDS).
Thermoelectric measurements were performed as described
above.

Results

Constantan Thin-Film Library. Figure 2 shows the
measured thermopower Vi,e,s versus AT curves at various
temperatures, where AT was evaluated from the thermal
image by taking the difference of the temperatures
averaged over each electrode corresponding to the white
dashed squares in Figure 1c. At each temperature, Vieas
is almost proportional to AT. The linearity indicates the
proper evaluation of AT in this range; however, it is noted
that the slope is not identical to o of the sample as
described below. Hence the slope is called Ouyeqs hereafter.
A sizable offset of Viyeas at AT = 0 for higher temperature
is attributed to the thermopower of various parts other
than the sample, which are independent of AT and thus
are irrelevant to Qlpeas.

In our experimental setup, the sample is connected in
series to various materials, including lead wires (Cu), a
probe holder (stainless steel), a probe needle (W),
electrodes and contact pads (Au plated Ni), vias (Mo),
and embedded lead wires (W alloy). Therefore, Vieas 1S
the sum of the thermopower of each component. Provided
that these materials are homogeneous and that the tem-

perature at each connection is defined as shown in Figure
3, Vineas is expressed as'?

T, T
Vmeas = f o‘holder(T)dT + f Ia’probe(T)dT +

To+AT

L/;"l alead(T)dT + f samp]e(T)dT +
T T,
sz:AT Oeqq(DAT + fn Oprone( AT+ frbo Qyoraer(DAT (1)

where T) is room temperature, T, and Ty, are the temperatures
at the connections between the probe holder and the probe
needle, T;, T, and T; are the temperatures at the contact
pads and the sample electrodes (see Figure 3), and ow(7) is
the Seebeck coefficient of each segment k. Since T, — T,
T, — T, and AT are as small as a few Kelvin, oye.q(7) and
Osample(1) are approximately proportional to the temperature.
This approximation simplifies eq 1 as follows

(T, +

sample

T,+T,
Vmeas = alead T (TZ - Tl) ta
T,+AT+T,
2

,fT:O o‘holder(T)dT) (2)

As can be seen from eq 2, the thermopower contributions
from the lead wires, probes, and probe holders do not cancel
out if the temperature distribution is asymmetric, that is , if
T, = Ty, T) = T, or both, leading to a finite offset of Vipeys
at AT = 0 as seen in Figure 2. However, only differentiation
of Vineas With respect to AT is necessary to evaluate Otpegs.
Hence, Opess 1s expressed as

AT/2)AT+alead( )(T T,— AT) +

/A(AT) =,

ameas meas

(T, + ATI2) = Gy
T,+AT+T,
5]

Thus, Omess obtained from Figure 2 is attributed to the
difference in o between the sample Qlampie and the lead wire
Qliead; Qliead 18 evaluated from dVie,o/d(AT) by measuring the
thermopower Vg between the electrode at 7, + AT and
the adjacent contact pad at T5.

Figure 4a shows the temperature dependence of Qye,q and
Osampicfor the samples A—D. Oample Was deduced from eq 3,

sample
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where T, + AT/2 and (T, + AT + T3)/2 were approximated
by T, because of the small temperature dependence of Oueyq
and the difference between 7> and 75 being as small as a
few Kelvin. Queyq is less than 10 gV K ! ateach temperature,
whereas the amplitude of Oumpre 1S 4—6 times larger than that
of Queaa and shows weak temperature dependence: from —45
uV K" at 300 K to —58 uV K™ ! at 673 K. The value of
OLample fOr this temperature range shows good agreement with
the standard data for bulk constantan.'® Figure 4b shows the
temperature dependence of p for sample A, which is nearly
independent of temperature, and also shows good agreement
with the standard data.'*

Mg—Si—Ge Thin-Film Library. X-ray diffraction pat-
terns of the films only showed peaks of the polycrystalline
Mg,Si,Ge;-, phase without Mg, Si, and Ge phases in all of
the samples in the library. Table 1 shows the composition
of thin-film samples in the library (see Figure 5). The Mg
contents were four different values from ~4 to ~2.5 (from
column 1 to column 4), and the Si contents were varied from
Si/Ge ~1 to Si-rich (from row a to row b). Figure 6 shows
the measured o and p of the library at different temperatures.
The o is p-type in the Ge-rich region and n-type in the Mg-
and Si-rich regions at each temperature, and the amplitude
decreases with increasing temperature. The p rapidly de-
creases as temperature increases and shows a discernible
trend with composition at higher temperatures. Whole
measurements to evaluate both the a and p at these different
temperatures took only 4 h so that our measurement system
will be useful for exploration of thermoelectric materials.

Conclusion

A high-throughput method has been developed to evaluate
the Seebeck coefficient and electrical resistivity of combi-

Watanabe et al.

natorial thermoelectric thin-film library. Noncontact tem-
perature measurement was performed by thermal imaging
with an IR camera, and sample integration was achieved by
using a custom-made substrate with embedded lead wires
and local heaters to control the temperature gradient.
Quantitative and high-throughput measurements of the See-
beck coefficient and electrical resistivity were successfully
demonstrated.

References and Notes

(1) Yang, J.; Caillat, T. MRS Bull. 2006, 31, 224-229.

(2) Maier, W. F. Angew. Chem., Int. Ed 1999, 38, 1216-1218.

(3) Reddington, E.; Sapienza, A.; Guran, B.; Viswanathan, R.;
Sarangapani, S.; Smotkin, E. S.; Mallouk, T. E. Science 1997,
280, 1735-1737.

(4) Koinuma, H.; Takeuchi, 1. Nat. Mater. 2004, 3, 429-438.

(5) Combinatorial Materials Synthesis; Xiang, X-D., Ed.; Marcel
Dekker, Inc.: New York, 2003.

(6) Funahashi, R.; Urata, S.; Kitawaki, M. Appl. Surf. Sci. 2004,
223, 44-48.

(7) Itaka, K.; Minami, H.; Kawajiri, H.; Wang, Q.; Nishii, J.;
Kawasaki, M.; Koinuma, H. J. Therm. Anal. Calorim. 2002,
69, 1051-1058.

(8) Moates, F. C.; Somani, M.; Annamalai, J.; Richardson, J. T.;
Luss, D.; Willson, R. C. Ind. Eng. Chem. Res. 1996, 35, 4801—
4803.

(9) Taylor, S. J.; Morken, J. P. Science 1998, 280, 267-270.

(10) LaBotz, R. J.; Mason, D. R.; O’Kanne, D. F. J. Electrochem.
Soc. 1963, 110, 127-134.

(11) Noda, Y.; Kon, H.; Furukawa, Y.; Otsuka, N.; Nishida, I. A.;
Masumoto, K. Mater. Trans. 1992, 33, 845-850.

(12) Aizawa, T.; Song, R.; Yamamoto, A. Mater. Trans. 2005, 46,
1490-1496.

(13) Domenicali, C. A. Rev. Mod. Phys. 1954, 26, 237-275.

(14) American Institute of Physics Handbook, 3rd ed.; Gray, D. E.,
Ed.; McGraw-Hill Co.: New York, 1972.

CC700094A



