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We utilized p-SngoYbo.1Te:Te and n-SngoYbg 1 Te powders to fabricate thermally evaporated thin films by
standard synthesised solid-state microwave method. X-ray diffraction and field emission scanning elec-
tron microscopy were used to investigate the composition and microstructure of the films. The as-
deposited films were also electrically characterized in terms of Seebeck coefficient, electrical conductivity

and thermoelectric (TE) power factor at a range of 298-523 K. The micro-TE device consisted of 20 pairs
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(Ty) of 528 K.

of p-SnggYbg 1Te:Te and n-SnggYbg 1 Te thin films on glass substrate. The dimensions of the thin-film TE
generator, which comprised 20 pairs of legs connected by aluminium electrodes, were 23 mm x 20 mm.
The p-n thermocouples in series generated a maximum open-circuit voltage output of 823.7 mV and a
maximum output power of 0.259 pW at a temperature difference of 180 K and the hot-side temperature

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoelectric (TE) thin-film devices have been extensively
used in the microelectronic industry [1-8]. These TE thin-film
devices are necessary microelectrical system sources with low
power at relatively high voltage; portable scaled-down devices
can also be used as implantable biomedical devices operating in
adverse environments and wireless sensor nodes [3-5]. For these
microsystems, micropower is used to develop microscale TE
devices, which exhibit potential for a variety of space and terres-
trial applications [6-8]. Previous literature in thermoelectric power
generator devices has involved fabrication of multiple thermocou-
ple junctions on planar substrates. Small-chip thermoelectric gen-
erator devices (with columnar structure) to work at ambient have
been commercialized for a long time, with multiple thermocouple
junctions based on tellurium compounds (n-type Bi,Tes and p-type
Sb,Te3) [1-6]. A thermocouple is a simple electric circuit formed by
two dissimilar conductors joined at both ends [9]. The Seebeck
effect is the measurement of a voltage that is proportional to the
difference in temperature at the two junctions [1,10]. The ideal
TE device consists of several thermocouples connected electrically
in series but thermally in parallel between two planar surfaces. The
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thermocouples must be connected electrically in series with bridg-
ing metal interconnections on the top and bottom surfaces [11-
15]. These interconnections must maintain low contact resistance
with high mechanical strength and operate at current densities
and temperature gradients [6,16]. However, although the design
of the electrodes is a key technique in manufacturing TE elements
(i.e. TE thin-film legs) for practical applications, previous research-
ers only adopted a TE leg-leg contact by using several methods to
solve the connection problem of the metallic electrode in a TE thin-
film device [6,14-16]. Their methods may result in power output
loss and reduced efficiency of the TE thin-film devices because
the reduced electrical resistance of the interface between the TE
material and a metallic electrode is necessary to achieve a high-
power output of TE thin-film devices [17,18]. The electrical resis-
tance consists of the TE material and serial parasitic resistance,
which includes the resistance of the metallic electrodes, the elec-
trical contact resistance and the boundary resistance between
the metallic electrodes and the TE legs [3,6]. In the case of TE
thin-film devices, a few studies have been conducted to solve prob-
lems between the electrical contact resistance and the boundary
resistance and between the metallic electrodes and the TE material
legs. Nevertheless, studies on the fabrication of geometric device
structures and examination of the electrical characterizations for
TE thin-film devices are limited. Material selection and the avail-
ability of suitable fabrication technologies are further problems
added on the performance requirements in the case of TE power
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generation in a microsystem [19]. Recently, several techniques
have been used for the development of micro-TE devices; these
techniques include thin-film depositions, such as coevaporation
[20], RF cosputtering [4,7,21], ion beam-assisted deposition [22],
flash evaporation [3], thermal evaporation [19], metal-organic
chemical-vapor deposition [23] and vapor-liquid-solid growth
[24]. In a general form, the performance of TE materials is directly
related to the dimensionless figure of merit, that is, ZT = S>cT/x,
where S is the Seebeck coefficient, ¢ is the electrical conductivity,
K denotes the thermal conductivity and T is the absolute tempera-
ture [25]. The performance factor $%¢ is defined as the power factor
necessary to achieve a highly efficient TE material, in which the
thermal conductivity should be minimised, and the power factor
should be maximised [26]. In the present work, we focus on the
structural and electrical characterizations of thin films, which were
enhanced by microfabrication to improve the performance and
integration of microscale TE generators. The n-SnggYbg 1Te and p-
SnggYbp Te:Te thin films were obtained by thermal evaporation
technique. Micro-TE devices with 20 TE pairs of thin-film TE
microdevices with the size of 23 mm x 20 mm onto glass substrate
were obtained. The morphological and structural characterizations
were investigated by means of field emission scanning electron
microscopy (FESEM) and high-resolution X-ray diffraction (XRD),
respectively. Each constituent thin film was also electrically char-
acterized. I-V measurements and the maximum output power
(Pout, 0.259 uW) of a complete generator were estimated in the
temperature difference of 180K and the hot-side temperature
(Tp) of 528 K.

2. Experimental

The n-SnggYbgTe ingot was prepared as a ternary alloy by
standard solid-state microwave technique. The ingot weighed 2 g
according to the stoichiometric ratios of Sn;_,Yb,Te (x=0.1). The
following typical element ratio was adopted for the preparation
of SnggYbgTe: 0.8487 g, Sn; 0.1376 g, Yb; 1.0137 g, Te; this ingot
was prepared from three high-purity element powders (i.e. Sn, Te
>99.999% 100 mesh and Yb >99.9% 157 um), as described in
[27-30]. p-type Sng oYbg 1 Te:Te ingot was also synthesised by using
the same route after adding excess tellurium. The p-type (Sngo-
Ybg 1Te:Te) and n-type (SngoYbo.1Te) thin-film TE generators were
subsequently deposited into a clean glass substrate by means of
thermal evaporation of 10~® mbar at room temperature using a
tantalum boat (R. D. Mathis Co., USA), as described in [6,16,17].
The stainless steel mask (maskleg) was used to fabricate a material
similar to TE thin films (TE legs). The overall size of the parallel TE
thin-film device was 23 x 20 x 1 mm?; this device consisted of
20p-n pairs, and each TE element showed a width of 400 um
and length of 20 mm. p-Sn0.9Yb0.1Te:Te (or n-Sn0.9Yb0.1Te) thin
films were first deposited into the glass substrate under masklegs
[6,16,17]. Al electrode (diffusion barrier layer) was deposited onto
the top and bottom of each TE leg to connect the p- and n-type
thin-film TE generators at the junctions electrically in series. The
total thickness of all the TE thin films was approximately
0.877 um, and the Al electrode thickness was 400 nm, as measured
by an optical reflectometer (Filmatric F20, USA) measurement sys-
tem. The crystal structure, surface morphology and composition
analysis of the semimetals tin-chalcogenide thin films were stud-
ied by the fundamental physical property measurement systems
using XRD on a PANalytical X'Pert PRO MRD PW3040 (Almelo,
The Netherlands) with Cu Ko radiation (A =0.154060 nm) and
FESEM (Leo-Supra 50 VP, Carl Zeiss, Germany). The TE properties
(o, S and S%0) of the thin films were measured within the temper-
ature range of 298-523 K. The Hall coefficient (Ry), carrier concen-
tration (hole; p, electron; n) and hall mobility for p and n-types

were measured by the Hall effect using the van der Paw method
at 300 K. Measurement was performed by applying a vertical con-
stant magnetic field of 1 T to the thin films using Lake Shore DEC-
637. Fig. 1(a) shows the measurement setup of the thin-film TE
generator by mounting one of the ends above a controlled heater
(inside a brass block) and the other end above a controlled cooler
(pipe chiller inside the brass block). The thermal gradients
between the hot and cold sides were recorded in increments using
two type-K E© Sun (ECS820C) thermocouples on the surface of the
direct contact with the thin-film TE generator. The temperature
difference (AT) over the thin-film TE generator was increments
to the difference in interface temperatures between the hot side
(Tn) and the cold side (T;). Two copper wires were also placed on
the cooled side of the TE generator to measure the output voltage
(Vour) with the following temperature difference: AT = T, — T.. The
net voltage appeared across the ends of the thermocouples. The
Vour Was determined at the aluminium pads connected to the ther-
mocouples. The internal resistance of the thin-film TE generator
was measured by a two-wire method. The maximum P, of the
thin-film TE generator was estimated from the V,,, and the internal
resistance of the generator. The details are described in previous
articles [31-38].

Thermocouples
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Fig. 1. (a) Photograph of the 20-pair thin-film thermoelectric (TE) generator setup
in the measurement of the output voltage (Vo). (b) Schematic diagram of the
output open-circuit voltage of the thin-film TE generators measured as function of
the temperature difference (AT) between the hot and cold junctions.
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3. Results and discussion

Fig. 2 presents the pure phase of p-SnggYbgiTe:Te and n-
SnggYbp Te thin films in a face-centred, rock salt-type (NaCl)
structure, with a dominant peak representing the plane (2 0 0);
this result confirmed the analytical results of the standard data-
base (JCPDS No. 008-0487). The calculated cubic lattice constant
(a=6.322 A) was in good agreement with data in previous studies,
including 6.303 [39], 6.327 [40] and 6.315A [41]. The FESEM
images in Fig. 3 reveal the surface morphology and EDX of the p-
SnggYbp1Te:Te and n-SnggYbp;Te thin films. The nanocrystal
growth followed the form of trihedral tips with relatively irregular
numerous nanocubes because nanoplates were formed during the
deposition. In addition, the EDX spectra showed that the excess Te
in SnpgYbg.1Te:Te was higher than the stoichiometric ratio for the
SnggYbp 1 Te thin films without excess (Fig. 3a and b). The actual
atomics (%) were experimentally equal to 57.71%, 5.36% and
36.93% for Te, Yb and Sn, respectively (Fig. 3c¢). Assuming that
one excess Sn atom corresponds to one free electron and that
one excess Te atom corresponds to one free hole, compositions
are generally given as n- or p-type carrier concentration. This
result agreed well with previous data for the material (50.1 at.%
Te at 600 °C) [42,43].

The TE properties of p- and n-type thin films in terms of ¢, S and
S%¢ were investigated at a temperature range of 298-523 K (Fig. 4
(a)-(c)). Both film types displayed nearly the same behaviour for
o, which gradually decreased with the increased experimental tem-
perature, that is, a degenerate semiconductor (Fig. 4(a)). Further-
more, the ¢ for the p-type SngoYbg Te:Te film (o,) varied from
5.49 x 10> S/m at 300K to 2.55 x 10> S/m at 523 K and that for
the n-type SngoYbg Te film (¢,) ranged from 9.39 x 103 S/m at
300K to 4.93 x 10® S/m at 523 K. The continuous decrease of ¢
against temperature for the low- and high-temperature regions
indicated that the ¢ extrinsic conduction predominated. However,
in the middle-temperature region between 375K and 450K, the
curves remarkably decreased with increased temperature, which
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Fig. 2. X-ray diffraction patterns of p-SnggYbg Te:Te (a) and n-SngoYbg ;Te (b) as-
deposited thin films.

was consistent with a degenerate semiconductor conduction caused
by the density formation of states near the Fermi level [27,44].

Fig. 4(b) illustrates that the Seebeck coefficient (S = AV/AT) was
determined from the slope of the TE electromotive force (emf) ver-
sus the temperature difference between the hot and cold ends of
the films. The S for the p-type film (S,) and n-type (S,) was
86.60 uV/K at 523 K and -73.92 pV/K at 523 K, respectively. o
and S were influenced with the incorporation of Yb atoms into
the crystal lattice, thereby changing the formation energy of the
lattice defects in the mixed crystals [45]. The Seebeck coefficient
is related to the electrical conductivity through the Mott formula,
which can be expressed as follows [46]:

72 (IGT) (ding(e)
5 ) e

where kg, e, T and € are the Boltzmann constant, electron charge,
absolute temperature and energy, respectively. The variation in
the Seebeck coefficient strongly depends on carrier concentration
(n), and it can be expressed as follows [25]:

21,2
S:8n IzBm*T(ﬂ)m’ 2
3eh 3n

where h and m* are the Planck constant and effective electron mass,
respectively. As shown in Eq. (2), the Seebeck coefficient is inversely
proportional to the carrier concentration and directly proportional
to temperature. The Hall coefficient (Ry) can be used to calculate
the carrier concentration, which was determined in a 1 T magnetic
field using the Van der Pauw method. The values of Ry, p and pj, are
0.066 cm?/C, 7.12 x 10?° cm~ and 6.26 cm?/V.s, and Ry, n and i,
are —0.27 cm3/C, 1.86 x 10?! cm~3 and 5.61 cm?/V.s, respectively.
In the temperature range of 300-413 K for the p- and n-type films,
the S values increased rapidly with temperature due to the low
thermal excitation in carrier concentration. The S values of p- and
n-type films also increased at high temperatures ranging from
413 K to 523 K due to the higher thermal excitation in the charge
carriers compared with that in the low-temperature regime.

As evident in Fig. 4(c), the S?c exhibited behaviour typical of
semimetals and significantly increased with increasing tempera-
ture (until 523 K). Thus, this behaviour is expected at high temper-
atures. The S?c values for the n-type film were higher than those of
the p-type films. The maximum value of S3g, and S2¢, was 2.63
and 3.13 mW/mK?, respectively, at 523 K. The TE generators gener-
ally depend on the Seebeck effect of heavily doped semimetals to
produce electrical energy [5,26,28]. Another significant perfor-
mance factor in TE generation is the power factor, that is, S°c
(W/mK?). S is the electric power per unit area through which
the heat flows per unit temperature gradient between the hot
and cold sides [47].

The fabricated microdevice of p-SngoYbgiTe:Te and n-
SngoYbg 1 Te thin films is shown in Fig. 1. The top view (Fig. 1(a))
illustrates that the films are dense and uniform. In the experiments,
the temperature difference (AT) was induced between the hot and
cold junctions of the microgenerator, the V,,, was measured, and
the maximum P, was estimated. Fig. 5 depicts the load character-
istics of the microgenerator, that is, the current dependences of V,,,
and P, as functions of the temperature difference AT for 20 pairs
and microgenerator. At the temperature difference of 180 K and
the hot-side temperature (T,) of 528 K, the output open-circuit volt-
age (V,c) and P, reached 823.7 mV and 0.259 nW, respectively.
These results are acceptable compared with those of other materi-
als [3,5,12,31-36,48], considering that V,. and maximum P,,; were
generated under a small AT. The voltage or TE emf produced by the
Seebeck effect is defined as follows [10]:

Vout—icleal =n X (Sp - Sn) X AT, (3)
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Fig. 3. Field emission scanning electron microscopy images and EDX spectra of p-Sng oYbg 1Te:Te (a), n-SngoYbo 1 Te (b) and actual atomic compositions (%) as a function of Yb,
Sn, and Te compositions of p- and n-types (c) as-deposited thin films.
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Fig. 4. Electrical transport properties of Sn; ,Yb,Te thin films: (a) electrical
conductivity, (b) Seebeck coefficient and (c) power factor.

where S, , indicates the relative Seebeck coefficient for a material
pair p-n. To maximise the generated V,,, several thermocouples
were connected electrically in series and thermally in parallel to
form a thermopile, which generated n times the V,,,, of one thermo-
couple (if n represented the number of thermocouples in series) and
a maximum output electric power (Pyqy, With optimal impedance
matching). This condition can be expressed as follows [31]:

(nS,,AT)®
4Ry, 4)

Pmax:

where R;, is the internal electrical resistance of the generator. The
ideal internal electrical resistance Rj,.ige Was calculated from the
thermocouple dimensions or the number of thermocouples in series
and defined as follows [32]:
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Fig. 5. Output power of the generators versus the V,,, and the output current of 20-
pair Sn;_,Yb,Te microdevice with different temperature differences (AT) of (I) 86 K,
(I) 118 K, (III) 142 K, (IV) 158 K and (V) 180 K.

Table 1
Maximum open-circuit voltage (Voc) and output power (Po,) at various AT for thin
films thermoelectric generator.

sample AT (K) 86 118 142 158 180
20-pairs Ve (10-3V) 15023 17023 3377 6866 8237
Poe (10°W) 0012 0016 0059 0198 0259
Rin-idea = N(Rp + Rn), )

where R, and R, are the internal electrical resistances of p- and n-
legs, respectively.

Assuming that the maximum P, is achieved when Rjoqq = Rin,
the maximum P, of the microgenerator is estimated as functions
of the temperature difference in the measured temperature region
of AT =180K and the hot-side temperature (T,) of 528 K [28]. The
internal resistance and contact resistance (R; = Ri, — Rin-igeas) Of the
microdevice were R;, =657.4 kQ and R.=657.2 kQ, respectively.
Analysis of both plots in Fig. 5 revealed an increase in the P, with
the temperature gradient. Thus, the observation resulted from the
increased temperature gradient AT, which increased the V,,,. With
the increased V,,;, the output current (I,,) also increased (consid-
ering several values for the load resistance). Therefore, the dissi-
pated power in the external load resistance will increase, e.g.

Pouc = R,mdlﬁut. Fig. 5 also shows an alternative set of plots for P,
versus I, (or versus the load resistance Rjoqq). The AT values
applied to the microgenerator are tabulated in Table 1. This condi-
tion was attributed to the non-optimised microstructures and the
high contact resistance caused by the non-optimised bonding pro-
cess [26-34]. Electrical and thermal contacts are crucial to improve
the power generation performance of the device. Hence, related
contact problems should be minimised. The present results
demonstrated that the maximum P, is important to the investiga-
tion of the role of dimensions in fabricating micro-TE generator
depending on the area and number of pairs of the thermocouples.

4. Conclusion

Microscale tin-ytterbium-telluride film-based microgenerator
was fabricated successfully by using a simple thermal evaporation
method. The performance of the microgenerator at 298-523 K was
also measured. High V,,, of 823.7mV and estimated P, of
0.259 pW for thin-film microgenerator were obtained at a temper-
ature difference of 180K and the hot-side temperature (T,) of
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528 K. The temperature dependence of material properties was
also examined. Although the thin-film microgenerator was under
a fixed hot temperature, the electrical conductivity and the effec-
tive Seebeck coefficient varied under different temperatures. The
successful demonstration of good TE performances of the as-
deposited thin-film microgenerator suggested the considerable
potential of these high-temperature-doped tin-ytterbium-
telluride film-based microgenerator TE materials toward future
applications.
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