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Thermoelectric heat conversion based on the Seebeck and Peltier effects
generated at the junction between two materials of type-n and type-p is well
known. Here, we present a demonstration of an unconventional thermoelectric
energy conversion that is based on a single element made of an anisotropic
material. In such materials, a heat flow generates a transverse thermoelectric
electric field lying across the heat flow. Potentially, in applications involving
miniature devices, the anisotropic thermoelectric (AT) effect has the advan-
tage over traditional thermoelectrics that it simplifies the thermoelectric
generator architecture. This is because the generator can be made of a single
thermoelectric material without the complexity of a series of contacts forming
a pile. A feature of anisotropic thermoelectrics is that the thermoelectric
voltage is proportional to the element length and inversely proportional to the
effective thickness. The AT effect has been demonstrated with artificial ani-
sotropic thin film consisting of layers of alternating thermoelectric type, but
there has been no demonstration of this effect in a long single-crystal. Elec-
tronic transport measurements have shown that the semimetal bismuth is
highly anisotropic. We have prepared an experimental sample consisting of a
10-m-long glass-insulated single-crystal tin-doped bismuth microwire
(d = 4 um). Crucial for this experiment is the ability to grow the microwire as
a single-crystal using a technique of recrystallization with laser heating and
under a strong electric field. The sample was wound as a spiral, bonded to a
copper disk, and used in various experiments. The sensitivity of the sample to
heat flow is as high as 1072 V/W with a time constant t of about 0.5 s.

Key words: Thermoelectric device, anisotropic thermoelement, bismuth,
glass-insulated single-crystal microwire, flat spiral

INTRODUCTION

There is much interest on thermoelectric gener-
ators because they can be used in the field of
alternative energy sources. Thermoelectric genera-
tors are solid-state devices that convert thermal
energy into electric energy using thermoelectric
(TE) materials such as BisTes and bismuth. Ther-
moelectric effects of electronic materials appear

(Received August 11, 2017; accepted March 29, 2018;
published online April 16, 2018)

because, at the atomic scale, a temperature gradient
causes charge carriers to diffuse from the hot side to
the cold side, accompanied by a thermoelectric
voltage. The large TE voltage that appears at the
junction between two different thermoelectric mate-
rials, or the Seebeck effect, is the basis of most
practical thermoelectric devices such as coolers and
generators. One of the attractive properties of TE
generators is that they can be used with a wide
range of thermal energy sources including solar,
radioactive decay thermal sources, and even body
temperature.’? Typical commercial thermoelectric
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devices, called modules, are made of a battery with a
large number of thermoelectric elements of alter-
nating type-n and type-p. The working principle is
the Seebeck effect. The feasibility of the manufac-
ture of a miniature thermoelectric device consisting
of 102 elements with a cross-section of about
0.1 mm x 0.1 mm was demonstrated by Kishi
et al.>* Kishi was motivated by the problem of
powering wristwatches without batteries. The Kishi
TE device can harvest enough energy for the watch,
tens of microwatts, from the user‘s skin in contact
with the wristwatch. The device consisted of ele-
ments that were bonded into silicon substrates via
solder bumps, cut with a dicing saw, and assembled
into modules. Although this fabrication method was
successfully demonstrated, this TE device has not
received wide utilization maybe because it is not
cost-effective due to the complex manufacturing. It
would be very interesting to be able to achieve a
high level of miniaturization in a simpler thermo-
electric architecture. We have investigated a differ-
ent approach, a method based on anisotropic
thermoelectric materials. Snarsky et al.>® and
Anatychuk et al.” studied this problem theoreti-
cally, and it is called the transverse thermoelectric
effect. In a crystal with anisotropic thermal conduc-
tivity, electrical conductivity, and Seebeck coeffi-
cient, a transverse component of the electric field
appears if the heat flux passes in a direction that
does not coincide with the principal axes of the
crystal. The anisotropic thermoelectric (AT) effect
has several advantages for miniature devices. In
ATs, the thermopower is proportional to the tem-
perature gradient, (T'; — T9)l/h, where (T7 — T5) is
the available temperature difference, % is the device
transverse dimension (thickness ¢ of a film) and [ is
the length. Thus, one can increase the thermoelec-
tric voltage by simply decreasing A or increasing /.

Recently introduced p x n-type transverse ther-
moeletrics,®° in which the Seebeck coefficient
changes sign depending on mutually perpendicular
crystallographic directions, have a large transverse
Seebeck coefficient. Thus, a quasi-one-dimensional
metal, Lig 9MogO17 (lithium purple bronze), has an
extreme thermopower anisotropy along mutually
perpendicular crystallographic axes (200 xV/K).™
p x n-type materials will allow the development of
new types of thermoelectric applications on the
microscale and at cryogenic temperatures. A laser-
induced transverse Seebeck component was
observed in c-axis-inclined thin film samples of
manganite oxide La;_,Ca,MnOs,'"'? layered cobal-
tite Ca,Co0y,'>1* high-temperature superconduc-
tors  YBayCu3O7,°  BisSryCaCuy0g,'®  and
oxyselenide BiCuSeO.!” These samples have poten-
tial applications in fast response and highly sensi-
tive photodetectors. The AT effect has been
demonstrated with artificial anisotropic thin film
consisting of layers of alternating thermoelectric
type,'® but there has been no demonstration of this
effect in a long single-crystal. We have conducted
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experiments with bismuth which is an example that
has good thermoelectric properties as indicated by a
thermoelectric figure-of-merit, ZT, of 0.3,'° is highly
anisotropic and can be made into long single-crystal
small-diameter wires. In this approach, rather than
TE junctions, a single TE element is used. TE
conversion is based on the anisotropy of
thermopower.

SAMPLES AND EXPERIMENT

We studied the possibility of using glass-insulated
Bi and Bi-Sn microwires to design an anisotropic
thermoelectric generator (ATG) and a heat flux
sensor (HFS). Glass-insulated microwires of pure
and Sn-doped Bi were prepared by the Ulitovsky
method?° (see inset in Fig. 1a). The microwires were
cylindrical single-crystals with the (1011) orienta-
tion along the wire axis; the C3 axis was inclined at
an angle of 70° to the wire axis. This technique
described in®"*? makes it possible to prepare single-
crystal wires with diameters d of 50 ym to 40 nm.
We prepared continuous glass-insulated single-crys-
tal microwires of Bi and Bi-Sn alloys with a length
of up to a few tens of meters and with a given
diameter of 0.5-50 ym. A scanning electron micro-
scope image of a 1.3-um glass-insulated Bi micro-
wire is shown in Fig. 1a.

Transverse thermopower is defined as Si.ans=
U/AT, where U is the voltage across the sample
and AT is the transverse temperature gradient.
We constructed a special setup consisting of two
Al plates with different temperatures, which was
used to measure transverse thermoelectric power
in a 4.5-cm-long microwire.?® Displacements of the
plates relative to each other cause the rotation of
the microwire; therefore, it is possible to record
dependence of the transverse thermopower on the
direction of the temperature gradient. Contacts to
the microwires were made using liquid eutectic
InGa, which prevented the microwire from twist-
ing during rotation. This setup allows recording
the dependence of microwire magnetoresistance
(TMR) on the direction of the transverse magnetic
field, and thus determining the orientation of the
main crystallographic axes of the microwire. For
this purpose, aside from the plates, two neody-
mium permanent magnets, which generate a
transverse magnetic field of ~ 0.5 T, were used.
The detailed arrangement of a Bi microwire in the
special setup, and the necessary orientation of the
main crystallographic axes in the microwire to
provide the maximum output voltage of the
anisotropic thermoelement (ATE) obtained by
winding the single-crystal microwire into a flat
spiral, are described in Ref. 23. All measurements
of the transverse thermopower of the microwires
were performed at room temperature. For mea-
surements of the temperature dependence of the
thermopower, a Leybold 4.2 GM cryocooler was
employed.
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Fig. 1. (a) Scanning electron microscope image of a 1.3-um glass-insulated Bi microwire. Inset the Ulitovsky method for preparation of long
glass-insulated wires with small diameters. (b) Dependences of (left axis) the transverse thermopower on the direction of the temperature
gradient and (right axis) transverse magnetoresistance (TMR) on the direction of magnetic field for a Bi-0.05at.%Sn microwire (D = 18 um,
d = 4 um) after pooling of the wire through a zone-melting recrystallization setup in a strong inclined (f = 54°) electric field.

RESULTS AND DISCUSSION

To determine the optimum geometric parameters
of a microwire and the optimum orientation of the
main crystallographic axes of a single-crystal
microwire relative to the transverse temperature
gradient, transverse thermopower in thin glass-
insulated single-crystal Bi and Bi-Sn microwires
with various diameters d was studied. The mea-
surement results for the Bi-0.05at.%Sn microwire
sample with D = 18 ym and d = 4 um are shown in
Fig. 1b. The rotation diagrams of TMR of large
single-crystal samples of bismuth, doped bismuth,
and bismuth antimony were studied experimentally
and theoretically.?* The observed anisotropy of
TMR in Fig. 1b can be accounted for by the shape
of the Fermi surface, where the Fermi surface in the
microwire is almost the same as in the bulk
conductor. It is evident from the rotation diagrams
of TMR that the transverse thermopower is maxi-
mal if the temperature gradient is directed towards
the C3 axis. Thus, we confirmed the previously
obtained result®® about the preferred orientation of
the main crystallographic axes in bismuth micro-
wires to obtain the maximum transverse ther-
mopower. Moreover, we measured the transverse
thermopower in the same nanowires before and
after the use of recrystallization in a strong inclined
electric field. We observed that the transverse
thermopower increases by 15% after that heat
treatment.

Voltasge%E that arises on the ATE outputs is as

follows®%2°:
a a
AT - = —
%12 b

E= A

(0(33 — 0611) sinﬁcos BAT

. 1 Q.
o33 — 011) SIn 2 —
(432 — ) 4 2b ic33 sin B + K11 cos?

(1)

where o171 and ¢33 are the thermopower along the C;
and C; axes, respectively, az3— o171 is the anisotropy
of the thermopower, f3 is the inclination angle of the
Cj crystallographic axis relative to the sample axis,
AT is the transverse temperature gradient, a is the
length of the sample, b is the thickness of the
sample, @, is the heat flux through the ATE, and «1;
and 33 are the thermoconductivity along the C; and
C3 axes, respectively.
Volt—Watt sensitivity of the ATE is as follows:

E

s (o33 — a11) sin fcos B

b(rcs3 sin? f + k11 cos? B)

(2)

For the Bi samples, the maximum sensitivity is
achieved at angle f:

Bopt = F arctg, [+ = 52.78°
K33

To achieve the maximum efficiency of the aniso-
tropic device based on Bi, it is necessary to provide
an inclination angle f of the C;3 axis of 52.8°. We
have developed a novel technology of recrystalliza-
tion of glass-insulated Bi and Bi-Sn single-crystal
microwires in a high electric field. This technology
makes it possible to obtain single-crystal microwires
and change the orientation of the main crystallo-
graphic C; axis along the direction of a high electric
field. The resulting recrystallized glass-insulated
microwires can be bent at a radius of 2 mm without
breaking. This feature allowed using the developed
recrystallization technology for winding the micro-
wire into a flat spiral directly at the output of the
setup; moreover, the orientation of the Cs axis in the
wire will be the same at all points of the wound

(3)
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Fig. 2. (a) Temperature dependences of thermopower for Bi microwires samples (D = 28 um, d = 10 um) after high voltage recrystallization:
(1) the microwire aligned along the C; axis; (2) the microwire aligned along the Cj; axis; (3) without recrystallization, the Cs axis inclined to the
microwire axis at an angle of 70°; and (4) anisotropy of thermopower, Aax = o33 —011. At room temperature Aa ~ 40 uV/K. (b) Temperature
dependences of thermopower for Bi-0.05at.%Sn microwires samples (D = 25 um, d = 5.4 um) after high voltage recrystallization: (1) the mi-
crowire aligned along the C; axis; (2) the microwire aligned along the Cj axis; (3) without recrystallization, the Cs axis inclined to the microwires
axis at an angle of 70°; and (4) anisotropy of thermopower, Ax = o33 —u11. At room temperature, Ao = 60 pV/K.

Fig. 3. Experimental samples of the anisotropic thermoelectric devices. (a) An ATG made of a long (/ ~ 10 m) glass-insulated single-crystal Bi-
0.05at.%Sn microwire (D =20 um, d =4 ym) wound into a flat spiral. In the last stage of preparation of the ATG, a copper radiator was glued
onto the flat spiral. (b) A HFS made of a long (/ = 9.9 m) glass-insulated single-crystal Bi-0.05at.%Sn microwire (D = 18 um, d = 4 um) wound

into a flat spiral.

spiral; this feature will provide high thermoelectric
efficiency of the designed ATE. The schematic of the
ATE prepared of a long Bi microwire wound into a
flat spiral®® is described in Ref. 2*.

Thermoelectric efficiency Z, of the ATE depends
on the anisotropy of thermopower Aa = 033 — 011, as
follows®5-2-1:

(33 — o11)” sin® Bos? B
(re33 sin® B + K11 cos? B)(pz3 cos? B+ py sin® B)
(4)
where x1; and x33 are the components of the tensor
of thermal conductivity, and p;; and ps3 are the

components of the tensor of resistivity. To study the
anisotropy of the thermopower, samples of Bi and

Zy =

Bi-Sn microwires with various orientations of the Cy
axis were prepared by microwire recrystallization in
a high electric field. Temperature dependences of
thermopower for Bi (D =28 ym, d = 10 ym) and
Bi-0.05at.%Sn (D = 25 um,d = 5.4 ym) microwires
are shown in Fig. 2. The Ao value at room temper-
ature in the 10-ym Bi microwire is 40 uV/K, while
the anisotropy of the thermopower in the 5.4-um Bi-
0.05at.%Sn microwire is 60 uV/K. Therefore, the Bi-
0.05at.%Sn microwire (D = 18 um, d = 4.2 ym) was
used to prepare an ATG and a heat flux sensor
(HFS). The transverse thermopower for this micro-
wire prepared by recrystallization in a strong
inclined (f = 54°) electric field is 730 uV/K at room
temperature and an effective length of the wire is
L =4.5 cm (see Fig. 1b). In this case, the specific
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transverse  thermopower is  Sypecial = Strans/
4.5 = 162 uV/(K cm). To obtain a voltage of 1V at
a transverse temperature gradient AT of 5 K, it is
necessary to use a microwire with a length of 12 m.
The resistance of the microwire will be R = 1 MQ,
and the maximum current of that generator I, will
be 1 x 107 % A. We prepared an experimental sam-
ple of an ATG consisting of a 10-m-long glass-
insulated single-crystal Bi-0.05at.%Sn microwire
(D =20 um, d = 4 um). In the last stage of prepa-
ration of the ATG, a copper radiator was glued onto
the flat spiral. The experimental ATG sample is
shown in Fig. 3a. Tests of the sample by bringing
the ATG in contact with a surface at 36°C (the
temperature of the human hand) showed a peak
output of a fraction of a volt (210 mV) and an output
power of as low as 2 nW. The output voltage is
suitable for interfacing with harvesting circuits.
Since the power is low, one of the objectives of
optimization is to increase the power by an order of
magnitude. In addition, we prepared an experimen-
tal sample of a HFS consisting of a 9.9-m-long
single-crystal Bi-0.05at.%Sn microwire
(D =18 um, d =4 uym). The experimental HFS
sample is shown in Fig. 3b. The sensitivity of the
HFS is high (s ~ 107“ V/W); however, the time
constant is 7= 0.5s. Our devices have slow
responses, which can be possibly attributed to the
use of microwires coated with a thick glass layer
(t 7 ym). Our plan of optimization involves the
development of methods for thinning the glass
insulation of the wire. The prepared experimental
samples show that it is possible to use a single-
crystal Bi-0.05at.%Sn microwire in anisotropic ther-
moelectric devices.

CONCLUSIONS

The transverse thermopower in thin single-crys-
tal Bi and Bi-Sn microwires at room temperature
has been studied. The maximum transverse ther-
mopower has been found for the temperature gra-
dient directed toward the Cs axis. A new
material—Bi-0.05at.%Sn—has been found; at room
temperature, it has high thermopower anisotropy
of ~ 60 uV/K, which is 1.5 times higher than the
thermopower anisotropy in the pure bismuth micro-
wire. A technology of zone-melting recrystallization
of microwires in a high electric field, which allows
controlling the direction of the C3 axis during the
preparation of ATEs, has been developed. The use of
this technology made it possible to increase the
transverse thermopower of Bi-0.05at.%Sn micro-
wires in comparison with microwires of (1011)
standard orientation by more than 15%. An exper-
imental sample of an ATG has been prepared of a
long (I ~ 10 m) glass-insulated single-crystal Bi-
0.05at.%Sn microwire (D =20 ym, d =4 um)
wound into a flat spiral. If the ATG is in contact
with a surface at 36°C (the temperature of the
human hand), then the peak output is a fraction of a

volt (210 mV). In addition, an experimental sample
of a HFS consisting of a 9.9-m-long glass-insulated
single-crystal Bi-0.05at.%Sn microwire
(D =18 um, d =4 ym) has been prepared. The
sensitivity of the HFS is high (s ~ 1072 V/W);
however, the time constant is 7 ~ 0.5 s. Our devices
have slow responses, which can be possibly attrib-
uted to the use of microwires coated with a thick
glass layer (t ~ 7 um).
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