Journal of
the Serbian
Chemical Society

g oam.mw@”@ JSCS-info@shd.org.rs « www.shd.org.rs/JSCS
J. Serb. Chem. Soc. 81 (3) 323-332 (2016) UDC 66.017+536.5.004.12:539.4+
JSCS—4849 537.39:62-492.2

Original Scientific paper

The effects of doping on the structural, optical and electric
properties of Zn,Sbh; material

MIRELA VAIDA!, NARCIS DUTEANU!* and IOAN GROZESCU!2

!Politehnica University of Timisoara, Industrial Chemistry and Environmental Engineering
Faculty, 6 V. Pirvan Blvd., 300223 Timisoara, Romania and 2National Institute for Research
and Development in Electrochemistry and Condensed Matter, 1 Plautius Andronescu Street,

300224 Timisoara, Romania

(Received 18 September, revised 23 November, accepted 4 December 2015)

Abstract: This paper presents the results of an investigation regarding the
synthesis and characterization of the thermoelectric material ZnsSb; and
(Zn; ,M,)4Sb;, where M = Ag and/or Sn. The synthesis of the materials was
realized by melting high purity precursors in an oven where they were kept
isothermally for 12 h at 1173 K. X-Ray diffraction analysis and scanning elec-
tron microscopy were used for structural and morphologic characterization.
The optical band gap for each sample was determined from absorbance spectra
recorded in the visible range 240—400 nm at room temperature. The electrical
resistivity as function of temperature was measured and the electrical band gap
was estimated for each of the obtained samples. The semiconducting behavior
of the materials was reflected in these results.
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INTRODUCTION

The need for permanent discoveries in the domain of resources has influ-
enced this area of research in the latest years. The research has attempted to find
alternative sources of energy by either creating them or by regenerating and con-
verting other types of energy. Thermoelectric materials (TE) seem to represent an
alternative due to their capacity to convert wasted heat into electrical energy. The
performance in the field of this type of materials is represented by the dimension-
less ZT figure of merit,! which could be estimated from the equation:

ZT =S20T | k (1)

where S represents the Seebeck coefficient, o is the electrical conductivity and &
is the thermal conductivity at a certain absolute temperature 7.
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324 VAIDA, DUTEANU and GROZESCU

An excellent TE material requires a combination of low electrical resistivity
p (p =1/0), low thermal conductivity and a high thermopower; all of these should
increase the value of Z7, which could lead to an increase in the range of the
thermoelectric applications.2 Considering these, devices for converting waste
heat were built and these seem to be a perfect choice because they are silent, non-
vibrant, with no moving mechanical parts.3:4

Zn4Sbs is an excellent thermoelectric p-type material that presents a ZT of
1.3 at 650 K15 and low production costs. Additionally, it is environmentally
friendly compared with other expensive or toxic thermoelectric materials. It
seems that its efficiency in thermoelectric conversion is due to the glass-like
thermal conductivity that is offered by the disordered Zn atoms in the com-
pound.®7 The material is an excellent candidate for medium temperature appli-
cations.8

Zn4Sby exists in four crystallographic phases: the a-phase that is stable
below 263 K, the S-phase from 263 to 765 K, the y-phase from 765 to 805 K10
and the y'-phase from 805 to 839 K.!! Only the single -phase has high thermo-
electric properties. The ZngSbj structure belongs to the rhombohedral space
group R-3c, space group No. 167. There are 39Zn or 18Sb (1) and 12Sb (2) in
each hexagonal ZnySbj cell. Only 36 positions are available for the Zn atoms and
hence, there must be at least three interstitial zinc atoms.¢

Presently, the challenge is to improve the thermoelectric properties, and the
thermal®12-14 and mechanical stability!2-15 of the material by using different
production methods.!-5:12:16,17 Previously reported works presented various
methods that were used to obtain ZngSbs material, i.e., melt and quench-
ing,1-5.18-20 the melt-spinning technique,?! the zone-melting technique,”!2 solid
state reaction,!”7 thin films prepared by co-sputtering,22 melting combined with
mechanical grinding,23:24 the gradient freeze method,?5 efc — good results seem
to have been obtained by the zone melting method.® The Zn4Sbs material
obtained through the zone-melting technique seems to offer good thermal stab-
ility — the degradation of the material was limited.!2

Another feature that could affect the thermoelectric properties of the material
is represented by the mechanical stability. The traditional melting and quenching
synthesis method often leads to a bulk ZnsSb; material that is affected by mic-
rocracks. The mechanical instability occurs due to the volumetric change at the
temperature of the phase transition between the y- and f-phases (765 K), the
cause being the different thermal expansion coefficients of the y- and S-phases.!?
It was reported that the mechanical stability of the material could be improved by
reducing the average grain size of the material.2!

Other ways to improve the thermoelectric properties of ZnsSb3 is doping
(addition, substitution)26:27 with different species of ions, such as Ag,26-29 A],29
Bi,30 Cd’31733 CO,34 Cu,26 Fe,35 Gd,36 Hg,37 1’38 In,27’39’40 Nb,41 Pb,27 Se,42
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Si,#3 Sn, 1944 Te 20445 ¢fc. In the case of doping ZnsSbs with Ag, a significant
lowering of the electrical resistivity was obtained.28 The thermal conductivity
values were remarkably reduced by doping Zn4Sbz with Cu,26 Hg,37 Nb#! or Te.20

The present paper concerns the preparation of undoped and doped Zn4Sbs
materials by melting the precursors at 1173 K and presents the results of the
structural, morphologic, and optical analysis that were performed for the char-
acterization of the obtained materials. Furthermore, the influence of dopants on
the electrical properties of the materials was studied.

EXPERIMENTAL

Synthesis. Samples of (Zn;_M,)4Sb; materials were obtained using direct reaction
between high purity nanopowder precursors, i.e., Zn (99 %), Sb (99 %), Ag (99.5 %) and Sn
(99 %), where x = (0, 0.005) and M = Ag or Sn. The labeling of the samples and Ag and/or Sn
doping according to formula (Zn;_M,)4Sb; are presented in Table I. The precursors were
weighed in the stoichiometric ratio 4:3, with an excess of 2 wt. % Zn, mixed and sealed in
quartz ampoules vacuumed at 7x1072 Pa. The quartz ampoules were placed horizontally into
an oven and heated at a rate of 303 K min'! to 1173 K, where they were kept isothermally for
12 h. After cooling down to a room temperature at a rate of 303 K min-!, the materials were
ground in an agate mortar to obtain fine powders.

TABLE I. Undoped and Ag and/or Sn doped samples according to formula (Zn;_M,)4Sbs

X

Sample Ag Sn Chemical formula
S1 0 0 Zn,Sb,

S2 0.005 0 Zn3.9gAg0<OZSb3
S3 0 0.005 Zn3.9gSn0'028b3
S4 0.0025 0.0025 Zl’l3'98Ag0'01 SIIO'O] Sb3

Characterization techniques. Structural and morphological characterization of the
obtained materials were performed using the X-ray diffraction technique (XRD) at room
temperature on an X’pert Pro MPD X-ray diffractometer, with monochromatic CuK, (4 =
= 1.5418 A) incident radiation and scanning electron microscopy (SEM, model Inspect S).
The diffuse reflectance spectrum for each sample was recorded at room temperature, in the
wavelength range 240-400 nm, using a Lambda 950 UV-Vis-NIR spectrometer. The obtained
data were used to calculate the optical band gap (£) for all samples.

The electrical measurements were performed using a laboratory experimental setup.
Each material sample in a glass tube of 3.8 mm diameter (d) and 10 mm length (L) was placed
into an electric furnace. The two ends of the furnace were insulated using thermal insulation
material and two metal electrodes were used to connect the sample with an ohmmeter. The
electrical measurements were performed in the 300-500 K temperature range.

RESULTS AND DISCUSSIONS

The XRD experiments were run to establish the structure of the obtained
(Zn1_xM,)4Sbs materials and the patterns for the investigated samples are pre-
sented in Fig. 1. The patterns were recorded at room temperature in the 26 range
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326 VAIDA, DUTEANU and GROZESCU

of 20 to 65°. The main peaks of the recorded spectra matched the standard data of
Zn4Sbs (JCPDS No. 00-034-1013), but additional peaks appeared in the XRD
patterns that could be ascribed to the formation of the impurity phase ZnSb
(JCPDS No. 00-018-0140), which was detected in samples S1 and S2 at 26 23.77
and 27.89°, and for all samples at 40.05°, as indicted in Fig. 1. A peak corres-
ponding to Zn3Sby (JCPDS 00-023-1016) was detected at 26 = 35.27° for S3.
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Fig. 1. X-Ray diffraction patterns for: a) ZnySbs, b) Zn3 9gAg( 02Sbs, ¢) Zns3 9gSn ooSb; and
d) Znj 9gAg0 015100 01Sb;.

In addition, in the XRD patterns of the doped samples, shifts in the positions
of the peaks were observed. The shift was to the left for the Ag-doped sample
and to the right for the ZnsSbs doped with Sn or with Ag plus Sn. The shifts of
the XRD peaks are due to the change in cell parameter because the atomic radii
of Ag (1.60 A) and Sn (1.45 A) are larger than that of Zn (1.35 A). In the case of
the sample doped with Ag, the peaks were shifted to lower 26 values, meaning
that the lattice parameters are increased. This behavior is totally opposite to that
of samples S3 and S4, which can be associated to the different size of the par-
ticles of the samples.

From the SEM images, Fig. 2a—d, the surfaces morphology of the synthe-
sized materials were revealed. The formation of agglomerates could be noticed,
and polygonal and irregular-shaped particles occurred on the structures.

The absorbance spectra were obtained for all samples by converting the data
from the recorded diffuse reflectance spectra, Fig. 3. Intense maximum peaks
were observed for the four (S1-S4) samples at 283, 284, 285 and 282 nm, respect-
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Fig. 2. The SEM micrographs for the analyzed samples of: (a) ZnsSbs, (b) Zn3 9gAgj ¢2Sbs, (¢)
Zn3 9550 02Sb and (d) Znj 9gAgp 015n0,01Sbs.
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Fig. 3. The absorbance spectra for the obtained samples; a) Zn,Sb;, b) Zns 9gAgg (o Sbs,
¢) Zn3 9gSn g, Sbs and d) Znj ggAgg 01Sng 9 Sbs. The optical band gaps were obtained
from the inset plot.
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ively. A small shift between the maximum absorption peaks was registered. In
the case of the single-doped samples, the shifts of the maximum absorption peak
were to higher values of 4 than in the case of the undoped sample, while in the
case of the double-doped sample, the maximum absorption peak appeared at a
lower value of 4 than in the case of the undoped sample. The obtained values for
the absorbance spectra were inserted into the Kubelka-Munk equations#6:47 and
then {(k/s)hv}2 vs. hv were plotted for each sample (inset in Fig. 3), from which
the optical band gap for each sample was estimated. £ denotes the absorption
coefficient, s is the scattering coefficient and /v represents the photon energy.

The estimated optical band gaps from Fig. 3 for the samples were Eg(S1) =
=4.00eV, Eg(S2) =3.98 eV, EG(S3) =4.03 eV and Eg(S4) =4.06 eV.

It was observed that on doping Zn4Sbs with Ag, the value for the Eg slowly
decreased slightly, while for samples doped with Sn or with Ag and Sn, the
optical band gap value increased. It seems like in the case of the sample
Zn3 98Ag0.015n0.015b3, the lower amounts of Ag and Sn were responsible for the
increase in the optical band gap to the maximum value in this set of samples.

To characterize the samples from electrical point of view, the electrical
resistance (R) as a function temperature was measured for each sample. Using the
geometry of the samples, the electrical resistivity (p) was determined for each
sample using the following equation:

p=RAIL )

where A represents the cross-section of the sample.

The electrical resistivity dependences on temperature in the range of 300 to
500 K for each sample of the four materials are presented in Fig. 4. It is clear that
the electrical resistivity decreased with increasing temperature. The Znj3 9gSng ¢2Sbs
sample exhibited the highest electrical resistivity at room temperature, which
decreased rapidly with increasing temperature, and the lowest value was obs-
erved for the double-doped sample. Ag doping (Zn3.93Agp 02Sbz) lowered the
electrical resistivity, as was observed in previous studies.26-27-35 The lowering of
the electrical resistivity was because of an increase in the concentration of holes
on incorporation of Ag into the Zn4Sbj structure. Moreover, some kind of ther-
mal hysteresis could be observed at approximately 463 K, which suggests a
possible structural phase transition.

For each sample, In p was plotted as a function of temperature, Fig. 5, and
from this, using the linear fitting (Fig. 5, insets) for the temperature range between
385 and 415 K, the electrical band gap for each sample was estimated. The esti-
mated electrical band gap values for the four samples were Eg(S1) = 0.85 €V,
Eo(S2) = 0.96 eV, Eg(S3) = 0.94 eV and Eg(S4) = 0.90 eV. It can be seen that
single doping of Zn4Sbs increased the value of the electrical band gap with res-
pect to the undoped material, while the double doping increased the electrical
band gap the least.
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Fig. 4. The electrical resistivity dependence on temperature for: a) ZnySbs, b) Zn3 9gAgg 02Sbs,
¢) Zn3 93Sng 0>Sbs and d) Zn3 9gAg.01Sn0,015b;3.
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Reduction of the electrical resistivity should be favorable for higher thermo-
electric performance of the materials. From the plot, it can be observed that the
doping ions introduce atomic disorder in the material lattice and because of that,
the doping influenced the electrical resistivity.

CONCLUSIONS

In this paper, the results of investigations regarding the influence of doping
Zn4Sbz with Ag and Sn ions on the structural, optical and electrical properties of
the obtained materials are presented. The (Zn_,M,)4Sb3 materials were obtained
by direct reaction of the used precursors at 1173 K for 12 h. XRD and SEM mea-
surements revealed the structure and the morphology of the obtained materials.
From UV-Vis measurements, the optical band gaps for all samples were deter-
mined, which indicated that the optical band gap for the Ag-doped material was
smaller than that of Zn4Sb3, while for the samples single-doped with Sn or
double-doped with Ag and Sn, the optical band gap values were higher. Electrical
measurements were performed in order to determine the electrical resistivity of
the materials. The decrease in the electrical resistivity with temperature revealed
the semiconducting behavior of the analyzed samples. The electrical resistivity of
the material double-doped with Ag and Sn ions decreased faster with temperature
than for the other samples. Electrical band gaps were determined for the obtained
materials. The influence of double doping led to a lower band gap in comparison

with the values for the single-doped materials.
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HU3BO[
YTULIAJ TOTTUPAA HA CTPYKTYPHA, ONITUUYKA U ETEKTPUYHA CBOJCTBA
Zn,Sbs IPAXOBA

MIRELA VAIDA', NARCIS DUTEANU" u IOAN GROZESCU'?

"Politehnica University of Timisoara, Industrial Chemistry and Environmental Engineering Faculty, 6 V. Pirvan
Blvd., 300223 Timisoara, Romania u “National Institute for Research and Development in Electrochemistry and
Condensed Matter, 1 PlautiusAndronescu Street, 300224 Timisoara, Romania

Y oBOM pafy Cy NpUKasaHM pesy/iTaTd IpoydyaBama Ipoleca Jodujama U KapaKTepH-
3aldje TePMOENEeKTPUYHUX MaTtepHjana, ZngSbs u (Zny.,M,)4Sbs, rne je M = Ag u/unu Sn.
[TpaxoBu cy nobujeHu TOMJbEeHEM BeoMa YHUCTUX Impekypcopa Ha 1173 K tokom 12 h, y3 Hak-
HagHO MieBeme. PeHnrencka nqudpakudoHa aHaIK3a U CKeHUpajyha eekKTpoHCKa MHKPOCKO-
nuja cy kopuurheHe 3a CTPyKTYpHY M MODP(OJIOLIKY aHaIU3y. BpemgHOCTH ONTHYKe eHeprHje
3abpameHe 30He cy onpeheHe Ha OCHOBY anCOPILMOHUX crekTapa oppeheHux y odmactu
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TanacHux gykuHa 240-400 nm Ha cobHoj Temnepartypu. OnpeheHe cy ¥ 3aBHUCHOCTH efek-
TPHUYHE OTHOPHOCTH OJf TEMIepaType U IpopadyHaTe BpPeSHOCTH eJleKTpUYHe eHepruje 3adpa-
meHe 30He. Jomupame Zn,Sbz cpedpom HoBooM IO CMamema, a NONHpame Kauajem, WIH
KoJonupame ca Ag U Sn, 10 CMawewa ONTHYKe eHepruje 3adpameHe 30He. CMamewe enek-
TPUYHE OTIIOPHOCTH Ca TEMIIepaTypOM IMOTBPIWJIO je TOJyPOBOJHUYKA CBOjCTBA CUHTETH-
CaHUX y30pakKa.
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