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thermally evaporated thin films. The composition and microstruc-
ture of the films were studied by using X-ray diffraction and field
emission scanning electron microscopy. As well as, electrical prop-
erties of the as-deposited film in terms of Seebeck coefficient, elec-
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Pb}: Yb.Te trical conductivity, and thermoelectric (TE) power factor have been
—X X N . .

Rare earth alloys and compounds characterized at a range of 298-523 K. The micro-thermoelectric

Thermoelectric generator devices consisted of 20—pair and 10—pair p—Pb0,925Yb0,075Te:Te and

n-Pbgg25Ybgo75Te thin films on glass substrates, respectively. The
overall size of the thin-film TE generators, which comprised 20
and 10 pairs of legs connected by aluminum electrodes were
23 mm x 20 mm and 12 mm x 10 mm, respectively. The 20-pair
p-n thermocouples in series generated a maximum open-circuit
voltage output of 742.7 mV and a maximum output power of up
to 0.657 UW at temperature difference AT =162 K. In comparison,
the 10-pair p-n thermocouples generated an output maximum
open-circuit voltage of 467.9 mV and a maximum output power
of up to 0.346 UW at AT=162 K.
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1. Introduction

Improvements in thermoelectric (TE) properties of thin films over a wide temperature range have
spurred interest in micro-scale TE generators [1]. These TE devices produce a few microwatts of power
at relatively high voltage that used in small electric devices and systems for several applications in the
microelectronics industry [2,3]. For such low-power electronics, the technology to achieve extremely
low power will be necessary, and micro-scale TE devices which have so far been portable will become
wearable and even implantable in the future. Micro-TE generators can be used as a power source for
small electronic devices, wireless sensors and wearable electronics [4], including equipment used in
military, aerospace, bio- and medical, industrial, and scientific institutions [2,5]. Advanced TE materi-
als with potential conversion between thermal and electrical energy have been produced as a result of
great scientific understanding of quantum wells and nanostructure effects on TE properties, as well as
the development of modern, thin layer and nano-scale manufacturing technologies [6]. These ad-
vanced TE materials offer new opportunities for efficient and economic waste heat recovery by using
highly reliable and relatively passive systems that produce no noise and vibration [7,8]. At the same
time, increasing interest in producing micro-TE devices presents new opportunities in the field of mi-
cro power generation. Micro-TE converters show promise due to their high reliability, quiet operation,
and environmentally friendly properties [9]. Recent developments in micro-TE devices involve the use
of thin-film depositions, which are based on different growth methods such as molecular beam epi-
taxy (MBE) [10], metal-organic chemical-vapor deposition (MOCVD) [11], RF co-sputtering [5,12], a
simple vacuum thermal evaporation [6], flash evaporation [2], and co-evaporation [4] to grow single
layers and super-lattices on various substrates [2]. TE generations have primarily focused on increas-
ing the material figure of merit (ZT), which is the standard measure of a material’s TE performance.
This is defined as ZT = S26T/k, where S is the Seebeck coefficient, ¢ is the electrical conductivity, k de-
notes the thermal conductivity, and T is the absolute temperature. The product S?c is defined as the TE
power factor [13]. The power factor should be maximized and thermal conductivity should be mini-
mized to achieve high-efficiency TE materials. In the present study, we focus on the structural char-
acterization of thin films. Additionally, we enhance micro-fabrication methods and related electrical
characterization to improve the performance and integration of micro-scale TE generators. By using
a simple thermal evaporation method, we prepare Pbggy5Ybgg75Te:Te as p-type ingot and Pbggys.
Ybg o75Te as n-type ingot using a solid-state microwave synthesis for the fabrication of 20 and 10 pairs
of thin-film TE micro-devices with sizes of 23 mm x 20 mm and 12 mm x 10 mm, respectively, onto
glass substrates. The intrinsic properties of each constituent thin film are investigated. The output
voltage is then measured, and the maximum output power of a complete generator is estimated to
be in the temperature range of 298-523 K as functions of the temperature difference between hot
and cold junctions.

2. Experimental

By using a standard solid-state microwave method, an n-type Pbg g,5Ybg o75Te was synthesized as a
ternary compound. Weighted 2 g amounts, according to the stoichiometric ratio (1 — x):x:1, were pre-
pared from three high-purity element powders (Pb, Te > 99.999% 100 meshes, and Yb > 99.9%
157 um) as described in [14]. Polycrystalline alloys of p-type Pbgg25Yboo75Te:Te were also prepared
by using the above technique after adding excess tellurium. The thin-film TE generators were then
deposited onto clean glass substrates by using thermal evaporation of 10~ mbar at room temperature
using baffled chimney boat manufactured by R.D. Mathis Co. (USA). The p-type (Pbg.gz5Ybgo75Te:Te)
and n-type (Pbgg25Ybgo75Te) powders were positioned in the load cavity of the boat. When heated,
the vapors of the powders followed an indirect path through a series of baffles and then exited from
the vertical chimney with a height of 12 mm and a diameter of 6.3 mm. Therefore, the substrates did
not encounter the bulk Pb,_,Yb,Te material at any time, which essentially eliminated any chance of
spitting and streaming that lead to pinholes. The distance between the boat and the substrate is
180 mm. By using an optical reflectometer (Filmatric F20, USA) measurement system, the thickness
of the thin films was determined to be approximately 0.947 pm. The patterned shadow masks
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fabricated 20-pair and 10-pair TE micro-devices with sizes of 23 mm x 20 mm and 12 mm x 10 mm,
respectively, for the p- and n-legs thin films and their junctions. Rectangular tracks on glass substrates
for 20-pairs were 400 pm in width and 20 mm in length; for 10-pairs, the tracks had a width of
400 pm and a length of 10 mm (Fig. 1). The dimension of the p- and n-legs was 20 mm or (10 mm)
(I) x 400 pm (w) x 0.947 pum (t), and the spacing between both legs was 150 pm (Fig. 1b). A diffusion
barrier layer (Al-electrode) was also deposited between p-type and n-type thin-film TE generators at
the junctions [1-7]. The fundamental physical parameters of the semiconductor lead-ytterbium-tel-
luride thin films, such as their crystal structure, was examined by using X-ray diffraction on a PANa-
lytical X’Pert PRO MRD PW3040 (Almelo, The Netherlands) with Cu Ko radiation (1 =0.154060 nm).
The morphology of the films was observed by using field emission scanning electron microscopy (FES-
EM, model Leo-Supra 50 VP, Carl Zeiss, Germany). Electrical conductivity and the Seebeck coefficient
were measured for the thin films within the temperature range of 298-523 K between the two ends of
the film. Thermal gradients with increments at both ends were also measured by using two separate
thermocouples (type-K E©Sun ECS820C) that were in direct contact with the films. The output voltage
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Fig. 1. (a) SEM image of 10-pair fabricated thin-film TE generator on glass substrate, and (b) schematic of thin-film TE
generator.
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of the thin-film TE generators was first measured while a temperature gradient AT=T, — T. was
imposed between hot and cold junctions of the generators. Fig. 2 shows the schematic of the measure-
ment for the Vyy, output current (loy), and internal resistance (R;,) of the thin-film thermoelectric
generator. The output voltage (V,,), and the corresponding current (I,,) were measured at the Al-
electrode pads connected to the TE legs. Measurement pairs of the voltage and current were acquired
while load resistance Rj,,q Was manually adjusted. A two-wire method was used to measure the inter-
nal resistance of the thin-film TE generators. The internal resistance (R;,) was modified by the contact
resistances that lead to Rj, = Rinideal + Reontact Of the TE generator and was calculated as follows: Ry, =
Voc/lse, where Vo, and I represented the open-circuit voltage and the short-circuit current, respec-
tively. The maximum output power of the thin-film TE generators was estimated from the output
voltage and the overall resistance of the generators.
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Fig. 2. (a) Photograph of 20-pair thin-film thermoelectric generator setup of the measurement of the output voltage (Vo) and
(b) schematic of the V, of the thin-film thermoelectric generators measured as functions of the temperature difference (AT)
between the hot and cold junctions.
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3. Results and discussion

Oriented p-Pbg.gz5Ybgo75Te:Te and n-Pbg g25Ybg o75Te thin films with a special cubic nanostructure
were synthesized by using the simple vacuum thermal evaporation method, which showed a prefer-
ential growth in the films. XRD patterns of Pbg g>5Ybg g75Te:Te and Pbggz5Ybg o75Te films are shown in
Fig. 3. For the Pbggz5Ybgo75Te:Te films, all peaks are indexed as cubic PbTe with a face-centered, rock
salt (NaCl)-type structure (JCPDS 38-1435). The calculated lattice constant a = 6.465 A was in good
agreement with previous literature data of 6.449 A [15], 6.453 A [16], and 6.464 A [17]. The slight in-
crease in value was due to the change in the nature of the chemical bonding because of the substitu-
tion of Yb with Pb. Hence, being the most elongated of all, the Yb-Te distance is ~3% longer than the
corresponding distance in YbTe (3.18 A), and ~1.5% longer than Pb-Te distance in pure PbTe (3.23 A)
[18]. The FESEM images in Fig. 4 reveal the morphology of p-type and n-type thin films. The films are
polycrystalline with preferential crystallite orientation of (200), and numerous nanocubes for Pb;_
Yb,Te material are clearly visible. It shows that Te addition tend to refine the grain growth. These
changes in morphology show that with increasing Te content in the deposited film results in increase
in the rate of nucleation. As a consequence, the crystallites in n-type thin film are smaller than p-type.
In addition, the EDX spectra showed that the excess Te in Pbg g25Ybg g75Te:Te was higher than the stoi-
chiometric ratio for the Pbg g5Ybg o75Te thin films without excess (Fig. 4). The actual weights (%) were
experimentally equal to 41.56-53.45%, 1.69-1.60%, and 56.75-44.95% for Te, Yb, and Pb, respectively.
Generally, compositions were given as n- or p-type carrier concentrations, assuming that one excess
Pb atom corresponds to one free electron, and that one excess Te atom corresponds to one free hole.
This result agrees well with previous report data for the material (50.1 at.% Te at 600 °C) [19]. Thus,
these results correspond with the assumption on the quadruple ionization of metal vacancies in PbTe
solid solutions [20].

The electrical characterizations of the as-deposited film in terms of electrical conductivity, the See-
beck coefficient, and the TE power factor were carried out at 298-523 K (Fig. 5). The electrical conduc-
tivity (o) of both types exhibited the same increased behavior with increasing temperature, indicating
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Fig. 3. XRD patterns of p-Pbggz5Ybgo75Te:Te (a) and n-Pbgg,5Ybgo75Te (b) as-deposited thin films.
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Fig. 4. FESEM images and EDX spectra of lead-ytterbium-telluride p-Pbggy5Ybgo75Te:Te (a) and n-Pbggy5Ybgo7sTe (b) as-
deposited thin films.

the semiconductor behavior of all alloys. The analysis of the o behavior of both types revealed that the
conduction mechanisms employ two different pathways with two different slopes, indicating the
presence of two electronic transitions (Fig. 5a). The first electronic transition occurred in the low-tem-
perature region between 3.3 K~ and 2.6 K~! (300-383 K), whereas the other transition occurred in the
high-temperature region between 2.26 K~ and 1.9 K~! (443-523 K). The linearity of Ing against 1/T
for the low and high-temperature regions indicates that the In¢ intrinsic conduction predominates.
However, in the middle-temperature region between 2.42 K~! and 2.36 K~! (413-423 K), the curves
continuously decreased with increasing temperature, which is consistent with a degenerate semicon-
ductor conduction caused by the density formation of states near the Fermi level [14,21].

Fig. 5b shows that the Seebeck coefficient (S = AV/AT) was determined from the slope of the ther-
moelectric electromotive force versus the temperature difference between the hot and cold ends of
the films. The Seebeck coefficient of the p-type film (S,) was 270.24 pV/K, whereas n-type film (S,)
was —300.24 pV/K at 523 K. Fig. 5¢ shows that the power factor S%¢ for both types increased with
increasing temperature range. The S’ exhibited a behavior typical of semiconductors and signifi-
cantly increased with increasing temperature, up to 523 K. This behavior is thus expected at high tem-
peratures. The $%¢ values for the n-type film were higher than those of the p-type films. The maximum
value of Sf, 0, was 2740.15 pW/mK?, whereas that of S2g, was 28459.78 pW/mK? at 523 K. The TE gen-
erators generally depend on the Seebeck effect of heavily doped semiconductors to produce electrical
energy [14-25]. In TE generation, another significant performance factor is the power factor, S2¢ (W/
K?> m™"). The S?c is defined as the electric power per unit area through which the heat flows per unit
temperature gradient between the hot and the cold sides [26]. The fabricated micro-device of p-
Pbg.g25Ybgo75Te:Te and n-Pbggy5Ybgg75Te thin films are shown in Fig. 1. Seen from the top view
(SEM image of Fig. 1a), the films are dense and uniform. In the experiments, the temperature differ-
ence AT was induced between the hot and cold junctions of the micro-generators, the output voltage
was measured, and the maximum output power was estimated. Fig. 6 shows the load characteristics of
the two micro-generators, namely, the current dependences of output voltage V,,; and output power
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Fig. 5. Electrical transport properties of Pb,_,Yb,Te thin films: (a) electrical conductivity, (b) Seebeck coefficient, and (c) power

factor.
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Fig. 6. Output power of the generators versus the output voltage and the output current of (a) 20-pairs Pb,_,Yb,Te micro-
devices with different temperature gradients AT at (I) AT=75K, (II) AT=92K, (Ill) AT=112K, (IV) AT=122K, (V) AT= 148K,
and (VI) AT=162 K, and (b) 10-pairs Pb;_,Yb,Te micro-devices with different temperature gradients AT at (I) AT= 104 K, (II)
AT=124K, (Ill) AT= 134K, (IV) AT=143 K, (V) AT=152K, and (VI) AT=162 K.

Py as functions of the temperature difference AT for (a) 20-pair and (b) 10-pair microgenerators.
At the temperature difference of 162 K, the output open circuit voltage (V,.) and output power reach
742.7 mV and 0.657 pW, respectively, for 20-pair and 467.9 mV and 0.346 uW, respectively, for
10-pair. These results are acceptable compared with those of other materials [5,12], considering V.
and maximum output power were generated under a small AT. The voltage or TE electromotive force
(emf) produced by the Seebeck effect is defined as [9]:

Vout-ideal = N X (Sp — Sp) x AT

(1)
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where S, , indicates the relative Seebeck coefficient for a material pair p-n. To maximize the generated
output voltage, several thermocouples were connected electrically in a series and thermally in parallel
to form a thermopile, which generated n times the output voltage of one thermocouple (if n repre-
sented the number of thermocouples in series) and a maximum output electric power P,y (with
optimal impedance matching). This can be expressed as [27]:

(nSpaAT)?
Py = 222 2
max 4Rin ( )
where R, is the internal electrical resistance of the generator. The ideal internal electrical resistance
Rin-igeal is calculated from thermocouple dimensions or the number of thermocouples in series, which
is defined as [28]:

Rin-ideal = n(Rp + Rn) (3)

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

Assuming that the maximum output power is achieved when Rjoaq = Rin, the maximum output
power of micro-generators is estimated as functions of the temperature difference in the measured
temperature region of AT =162 K [27]. The internal resistances of the micro-devices are 209.8 and
157 kQ for the 20-pair and 10-pair, respectively. An increase in the output power P, with the tem-
perature gradient can be observed in an analysis of both plots of Fig. 6a and b. Thus, the observation
results from the rise of temperature gradient AT which leads to an increase of output voltage Vo As
this output voltage increases, output current I, increases (considering several values for the load
resistance). Therefore, the dissipated power in the external load resistance will increase, e.g.,
Poue = ledlom Fig. 6 also shows an alternative set of plots for output power P, versus output current
Ioue (or versus the load resistance Rjo.q). Fig. 7 shows the experimental variation in the open circuit
voltage of thin-film thermoelectric generators that were measured as functions of the temperature
difference between the hot and cold junctions. This result demonstrates that the devices have linear
relationships with V,. and AT. Thus, a minute amount of heat can be controlled by our device with a
small AT. The values of AT applied to the micro-generators are tabulated in Table 1. This condition is
attributed to the non-optimized micro-structures and to the high contact resistance caused by the
non-optimized bonding process [11]. Electrical contact and thermal contact are crucial to the improve-
ment of the device’s power generation performance; thus, related contact problems need to be mini-
mized. From the above results, the maximum output power is instrumental to the investigation of
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Fig. 7. Thin-film thermoelectric generator open-circuit output voltage V. various different temperature gradients AT.
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Table 1
Maximum open-circuit voltage (V,o.) and output power (Ppax) at various AT for thin films thermoelectric generator.
Sample AT (K) 104 124 134 143 152 162
10-pairs Voe (1073 V) 96.71 217.8 303.2 352.6 409.9 467.9
Prmax (107 W) 0.007 0.062 0.075 0.135 0.247 0.346
75 92 112 122 148 162
20-pairs Vo (1073 V) 254.8 3324 460.8 518.8 655.7 742.7
Prax (1076 W) 0.066 0.126 0.243 0.361 0.487 0.657

the role of the dimensions in fabricating micro-TE generators depending on the area and number of
pairs of the thermocouples.

4. Conclusion

Lead-ytterbium-telluride film-based micro-generators of micro-scale design have been fabricated
successfully by using a simple thermal evaporation method. The performance of the micro-generators
at 298-523 K has also been measured. High output voltages of 742.7 and 467.9 mV and estimated out-
put power of 0.657 and 0.346 uW for 20-pair and 10-pair, respectively, have been obtained at a tem-
perature difference of AT =162 K. The low power generated by each device geometry indicates that
these TE configurations are not able to supply high power, but can be detected by temperature sensors
due to their good voltage sensitivity. TE micro-devices exhibit scalability in output power per unit vol-
ume. The power values are low mainly due to high electrical contact resistances of the chosen device
geometry.
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