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Formation of thermocouples by pressing powder of thermoelectric material with micro- and nano- size
range creates large internal borders for additional phonon scattering. However, it need not only reduce the
thermal conductivity, but also increase the Seebeck coefficient to improve the thermoelectric properties of
material. For this case, around thermoelectric grain PbTe of the size of (0.5-1.0) micrometers prompted to
create nano-channels for the stream of an electric current. In this paper was development technology of the
conductive nano-channels on the base of colloidal Silver. It was finding that the introduction of Ag nano-
particles (size ~ 50 nm), not only reduces the thermal conductivity, but also increases the Seebeck coeffi-
cient after additional throttling of electrons on the barriers of Silver nanoparticles. Thermal conductivity of
(0.06-0.2) W/(m 'K) has been achieved in the case of the scattering of medium-wave phonons (MWP). The
absolute value of Seebeck coefficient in these conditions increases up to 340 uV/K.
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1. INTRODUCTION

The efficiency of thermoelectric materials is deter-
mined by thermoelectric figure of merit (Z):

7 =(S20)ly, (1)

where S is the Seebeck coefficient, o is specific electri-
cal conductivity, and y is a coefficient of thermal con-
ductivity.

Accordingly, such materials must be both good con-
ductors of electricity as "electronic metal" (meaning
high o), and poor conductors of heat, as the "phonon
glass" (meaning low y) [1]. For such materials should
be regarded as physical and technological limitations. A
necessary condition for the figure of merit improvement
of the thermoelectric materials is the modification of its
properties that will change the phonon and electronic
subsystems to lower the thermal conductivity (y) and to
increase the Seebeck coefficient (S) and the electrical
conductivity (o).
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Recent studies propose two possible ways to fur-
ther improve the efficiency of thermoelectric materi-
als: usage of materials with low dimensionality (2D-,
1D- and 0D-structures) or creation of new composite
materials through modification the size of grain in
bulk materials [2].

The quantum-size effects are used to increase the
Seebeck coefficient (S) and for the enhancement chang-
es of specific electrical conductivity (o) in the first case
[3, 4]. In the second case, the creation the many limits
leads to scattering of phonons more effectively than
scattering of electrons. Moreover, the dominant scatter-
ing species are the phonons that have the greatest con-
tribution to thermal conductivity (yz) [5]. Another im-
portant factor is the increase of Seebeck coefficient (S)
to the field of strong degeneracy after selection of carri-
ers through the creation of an energy barrier at the
boundaries of crystallites or grains. It is particularly
effective for the composite material [6].
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Fig. 1 — Formation scheme of the conductivity channels in composite materials. 1 — the way of the transfer of phonons (heat con-
ductivity) by volume of the composite material; 2 — the way of the transfer of electrons (electrical conductivity) into conductive

channels formed by silver nanoparticles
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In this paper thermoelectric semiconductor composite
materials based on PbTe with inclusion of Ag nanoparti-
cles is explored. The relaxation time of phonons depends
strongly on the grain size or length of the segments at
the interfaces, as shown in [5]. According to [6], and on
the base on the analysis of the phonon spectrum it has
been shown that these phonons give the main contribu-
tion to thermal conductivity. In our case, the inclusion of
the silver nanoparticles in the basic matrix of the compo-
site provides an effective scattering of acoustic phonons
of the medium frequency with mean free path less than
100 nm. The contribution of phonons with mean free
path from 5 to 100 nm represents about 55 % of general
scattering. Reduction of thermal conductivity is achieved
in this case by reducing the mean free path of phonons
with increase of temperature. These features cause sig-
nificant reduction in the thermal conductivity (Fig. 1).
The simultaneous increase of the value of S (Fig. 1) sup-
ports the additional filtration of carriers on energy barri-
ers formed by silver nanoparticles.

2. MATERIAL AND METHODS

Synthesis of thermoelectric material was performed
by melting Purified Pb and Te (Lead of the class of pu-
rity 99.9996 %, and Tellurium of the class of purity
99.9997 %) in quartz ampoules evacuated to pressure
2:10-4 Pa [7]. Synthesis and grows of alloys were car-
ried out in quartz ampoules with diameter of 13 mm,
and length of 13-17 cm. The end of the ampoule was
shaped capillary to increase the probability of growth
only the single nucleus [8, 9]. Ampoules were washed in
mixture HF : HNOs (1 : 2) for 30 min, and in distilled
water for 1 hour at next stage. After these procedures
ampoules were steamed in vapors of bi-distillate water
during 15-20 min with their next dried without air at
420-470 K [10].

The starting components were loaded in the pre-
pared ampoules (the weight of output components was
40-60 g within ~ 2/3 volume of ampoule). Weighing was
performed on an analytical balance with correctness up
to 510%g. Ampoules were pumped to 2:10-4Pa,
sealed, and placed in oven which temperature was
slowly raised up to 40-60 degrees above the tempera-
ture of the solidus of PbTe (1220-1240 K) for prevent of
the explosion of Tellurium [7].

These bars are crushed and selected fraction of the
size (0.05-0.5) mm was used for further processing by
nanoparticles of Silver.

Photo stimulated synthesis was of Ag decahedra
was carried out by the following procedure. 0.5 ml of
the AgNO3 (0.1 mmol/l) was mixed both with the 2.5 ml
NasCt (0.5 mmol/l) and the 3 ml of 1 % solution of poly-
acrylic acid (PAA), and next addition of 0.5 ml of
NaBH4 (10 mmol/l). These solutions have intense yel-
low color after few minutes, and thereafter they were
irradiated with blue LED array [10].

The process of the growth of decahedral silver na-
noparticles occurs in two stages. After the addition of
reducing material the solution turns an intense yellow
color - typical for spherical silver nanoparticles. In this
case, the absorption spectrum appears at wavelength of
410 nm [10]. The peak position indicates that the size
of nuclei was less than 30 nm. The process of decahe-
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dral formation corresponds to the growth model by
Zheng et al. [11]. The spherical nuclei formed at the
first stage which in the presence of free ions of Silver in
solution gradually transformed into thermodynamically
stable decahedra (Fig. 2). Photochemical influence per-
formed by LED matrix with a wavelength of 470 nm.
The resulting light intensity at distance of the location
of test tubes with solutions was 4.000 Lux (Showtec
Digital Luxmeter 91003).

Colloidal silver particles prepared via higher men-
tioned method were added to the equal mass of PbTe
powder in quantities of 1 and 2 ml of colloidal solution.
The content of silver nanodecahedra [Ag] of the solu-
tion was 0.4 mg/ml. The granulated PbTe added to sus-
pension of colloidal silver and this mixture homoge-
nized by ultrasound and dried (24 hours) at (350-
370) K. There was periodical homogenization using
ultrasound to constant weight. The TEM, and SEM
results showed that obtained silver nanoparticles have
planar decahedral structure with transverse diameter
of about 50 nm and height of (30-40) nm. The presence
of these sizes of particles provides the scattering of me-
dium-wave phonons [6].

The resulting powder PbTe with Ag was compacted
at the pressure 0.5 GPa by cold pressing. The receiving
samples of cylindrical shape with diameter d =5 mm
and high A~ 8 mm have been annealed in air at tem-
peratures 7= 500 K, 570 K, and 670 K.
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Fig. 2 — The mechanism of formation and growth of decahe-
dral silver nanoparticles under the influence of blue light (a)
and TEM images of synthesized decahedra (b)

The magnitude of Seebeck coefficient (S) and specif-
ic conductivity (o) was determined by the standard
method [9], and thermal conductivity (y) was deter-
mined by measurement of radial heat flow [9].
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For X-ray studies the bulk samples were ground in an
agate mortar. The resulting powder was applied evenly
on amorphous film. The arrays of experimental intensi-
ties and angles of reflections for receiving samples ob-
tained on an automatic diffractometer STOE STADI P
(Company «STOE & Cie GmbH», Germany) with a linear
position-precision detector PSD in scheme of modified
geometry of Guignes in the transmission mode.

3. RESULTS AND DISCUSSION

Results of both phase and structural X-ray analysis
of the studied composites are presented in table and il-
lustrated in Fig. 3. Samples of lead telluride were almost
of single phase. The main phase is PbTe with structure
of NaCl type (space group Fm-3m), and addition in trace
amounts was pure Pb, which recorded only on silver-free
and unannealing samples N III-1B and N III-1Ba. The
additional annealing of the samples, and their modifica-
tion by silver leads to the single phase samples. It should
also be noted a minor dominant orientation (texture) of
the grains of main phase (texture axis 100).

The results of the measurement of Seebeck coeffi-
cient and coefficient of thermal conductivity for these
composite materials are shown in Fig. 4. It can be seen,
the inclusion of silver leads to some increase of the
Seebeck coefficient (Fig. 4a) and to significant reduc-
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tion of the coefficient of thermal conductivity (Fig. 4b).
In particular, there was obtained the measured values
of the coefficient of thermal conductivity 0.19 W/(m-K)
at temperature 525 K for samples PbTe with Ag con-
tent of 0.4 mg, and 0.06 W/(m-K) for the samples PbTe
with Ag content of 0.8 mg in the colloidal solution at
temperature T'= 375 K, respectively (Fig. 4b — curves 1,
2). The thermal conductivity of PbTe without inclusion
of colloidal Silver for these cases was y = 0.28 W/(m-K),
and 0.26 W/(m-K), respectively (Fig. 4b — curves 3). For
comparison, the absolute value of Seebeck coefficient at
temperature 525 K for samples PbTe with Ag content of
0.4 mg is 340 pV/K (Fig. 4a — curve 1), and 210 pV/K
without inclusion of colloidal Silver (Fig. 4a — curve 3).

Composite structure formed by cold and hot press-
ing gives a multiple interfaces which consist with grain
boundaries and separate phases due to compaction.
These boundaries provide an additional mechanism for
phonon scattering, which reduces the thermal conduc-
tivity of material. Considering the size of the PbTe
grain boundaries (0.5-1.0 microns), most likely it is sold
scattering of long-wave phonons [7].

That is, it may be noted that there is an additional
throttling carriers. This causes passage high energy
electrons through the barriers of Silver nanoparticles.
This in turn leads to an additional increase in the See-
beck coefficient (Fig. 4,a b — curves 1, 2).
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Fig. 3 — Diffraction pattern of PbTe with colloidal Silver nanoparticles and theoretical diffractogram PbTe (curve 6). Chemical
composition of the samples and their processing conditions shown in the table above: III-1B (curve 1), II1I-1Ba (curve 2), II1I-1Bb

(curve 5), ITI-1B N2 a (curve 4), III-1B N2 b (curve 3)
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Fig. 4 - Temperature dependences of Seebeck coefficient (a), and coefficient of thermal conductivity (b) for composite samples of
PbTe (Ag) containing colloidal silver in amount 0.4 mg (curve 1) and 0.8 mg (curve 2). Curve 3 corresponds for pure PbTe
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4. CONCLUSIONS

1. The compaction technology of thermoelectric
composite materials based on PbTe with the inclusion
of colloidal silver nanoparticles has been developed.

2. Reduction of the coefficient of thermal conductivi-
ty in the transition to composite PbTe with silver nano-
particles has been obtained. It was shown that double
increase of the Ag concentration significantly reduces
its thermal conductivity.

3. It was receive the increases of Seebeck coefficient
after additional throttling of electrons on the barriers of
Silver nanoparticles.
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Tepmoenekrpuuni kommoautu Ha ocHOBi PbTe 3 HaHOBK/IIOYEeHHAMY KOJIOITHOrO Cpida

M. INanymaxk2, JI. Hukupyiil, I. I'opivok?!, O. Markisceruiil, 0. Xamaska3

1 [IpukapnamcvKuli HauioHawHUL YHisepcumem imeni Bacuns Cmeganuka,
eya. Illesuenxa, 57, Isano-Opanxiscvk, Yrpaina
2 Jearno-PparKi8CcbKULl HAUIOHAILHUL MeXHIYHUL yHigepcumem Hagmu i 2asy,
eéys. Kapnameceoka, 15, Isano-Opankiscok, Yrpaina
3 Yepuiseupkulli HayloHavHull yHigepcumem imeni FOpis @edvkosuua,
eya. Kouwobuncoroeo, 2, m. Yeprisui, Yepaina

®opMyBaHHS TepMOeJIEMEHTIB METOIOM IIPECYBAHHS IIOPOIIKOIIOIIOHOI0 TepMOeIEKTPHYHOTO MaTepiary
13 pakiisiMu MIKpo- Ta HAHO- PO3MIPIB CIIPUYNHIOE YTBOPEHHS 3HAYHOI K1JIBKOCTI BHYTPIIIHIX MeK [IJIs J0-
IATKOBOTO poacioBaHHsS (poHOHIB. OIHAK, IS MOJINIIEHHS TePMOEJEKTPUYHUX BJIACTHBOCTEH Marepiaiy
HOTPiOHO He JIUIle 3MEHIITUTH TEILIONPOBIIHICTD, ajie ¥ maBumTh KoedimienT 3eebera. J{ys mporo sampo-
TIOHOBAHO HABKOJIO 3epeH TepmoesekTpuyuHoro PbTe posamipamu (0,5-1,0 MEM) hopMyBaTH CTPYMOIIPOBiIHL
HaHOKaHAIX. ¥ I po0OTi 3aIIPOIIOHOBAHO TEXHOJIOT1I0 hOPMYBAHHS TAKUX HAHOKAHAJIIB IIJISXOM BBEJEH-
HSI YACTUHOK KOJIOIIHOro cpibsa. OTprMaHo, 1110 BBeeHHs HAHOYACTUHOK Ag (po3mipamu ~ 50 HM), He TLJIb-
KM 3MEHIIIy€e TeIIONIPOBIIHICTD, ajie i IPU3BOAUTE IIIABUIIEHHA KoediienTa 3eebera uepes 101aTKOBE JAPo-
CeJIIOBAHHS €JIEKTPOHIB Ha 0ap'epax, cdhopMoBanmx HaHOUACTHHKaMu cpibia. Takosx Oyau orpruManHi HU3BKL
3HaveHHs koedirierTa temmomrporigHaocTi (0.06-0.2) Br/(m-K), mo ciprunieno BHECKOM PO3CIIOBaHHS cepe-
JIHBOXBHJIOBHX (POHOHIB. AGCosTIoTHE 3HadYeHHs KoedimienTa 3eebexa mpu 1ibomy 3pocrae 10 340 mxB/K.

Kmouori ciosa: Tepmoesnexrpruni marepianu, ['patkoBa Temornporigaicts, Hamouacruuku, PbTe, Ag.

TepmoasekTpuyeckne KOMIoO3uTsl Ha ocHoBe PbTe ¢ HaHOBK/IIOUEHMAMH KOJLJIOMIHOTO cepedpa

L [lpukapnamckuil HQuuorabHbill yHusepcumem umerni Bacunus Cmeganuxa,
ya. Illesuenkra, 57, Heano-Oparnkosck, Ykpaurna
2 Hearo-OpaHKo8CKULL HAUUOHAJIbHLLL MeXHUYeCKUTL YHU8epcumem Heghmu u 2a3a,
ya. Kapnamcras, 15, Heano-®@parkosck, Ykpauna
3 Yeproseykuil HauuoHabHbil yHusepcumem umenu FOpus @edvrosuua,
ya. Kouobunckoeo, 2, Yeprosubt, YVipaura

M. lanymax?, JI. Hurkupyii!, . Topudok?!, O. Matkusckuii!, 10. Xanaska3

®DopMHUpPOBAHKE TEPMOIJIEMEHTOB METOIOM IIPECCOBAHMSA ITOPOITKOBOTO TEPMOJJIEKTPHUIECKOr0 MAaTepHa-
Ja ¢ QppaKkIUAMA MUKPO- U HAHO- PA3MepoB IPUBOIUT K 00PA30BAHWIO 3HAYUTEJIHHOTO KOJMYECTBA BHYT-
PEHHUX TPAHUIL JJIs JIOIOJHUTEILHOTO paccessuust GoHoHoB. OIHAKO, IS YIIyUIIEHUS TEPMOJJIEKTPUYE-
CKMX CBOMCTB MaTepHajia HeoOXOAMMO He TOJBKO YMEHBIIUTh TEIIOIIPOBOIHOCTD, HO M TOBHICUTH K0addu-
muenT 3eebGexa. s aToro mpemsioskeHO BOKpPYr 3epeH TepmoasexTpuueckoro PbTe pasmepamu (0,5-
1,0) MEM (hopMHPOBATE IIPOBOASAIINE dJEKTPUUECKUN TOK HAHOKAHAJIBI. B aT0i pabore mpesioskeHa TeXHO-
Jiorust (POPMUPOBAHUS TAKUX HAHOKAHAJIOB ITyT€M BBEJIEHUs YACTHIL KOJUIOUIHOTOo cepedpa. [losyueno, uro
BBesleHHMe HaHouyacTull Ag (pasmepamu ~ 50 HM), He TOJIBKO yMEHbBIIAET TEeIIOPOBOJHOCTD, HO ¥ IPUBOMT
K TIOBBINIeHNI0 KoaduipienTa 3eebexa 1M3-3a JOMOIHUTEIHLHOTO JPOCCEIUPOBAHUS JJIEKTPOHOB Ha Oapbe-
pax, chopMUpOBaHHEIX HaHOUacTUllaMu cepebpa. Takske ObLIN ITOJIydeHBI HU3KME 3HAYEHU S K0d(duipieHTa
rerwtonpoBoaHocTH (0.06-0.2) Br/(m-K), yTo BEI3BaHO paccemBaHMEM CpEIHEBOJHOBEIX (DOHOHOB. AGCOTIOTHOE
3Hauvenmne koadduirmenTta 3eebeka mmpu aroMm BodpacraeT K 340 mxB/K.

Knrouessie cinoea: Tepmosnexkrpuueckne MaTepuasibl, PemreTouHasi TeIUIONPOBOIHOCTH, HawmouacTuiler,

PbTe, Ag.
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