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ABSTRACT

The thermoelectric properties of Ag-doped compounds (Zn;_xAgx)4Sbs (x=0, 0.0025, 0.005, 0.01) have
been studied at the temperatures from 15 to 300 K. The results indicate that low-temperature (T<300 K)
thermal conductivity of the moderately doped (Zn;_,Agy)4Sbs (x=0.0025 and 0.005) reduced remarkably
as compared with that of ZnsSbs due to enhanced impurity (dopant) scattering of phonons. Electrical
resistivity and Seebeck coefficient were found to increase first and then decrease obviously with the
increase in the Ag content, which could be ascribed to the change of carrier concentration presumably
due to different Zn positions occupied by Ag upon increasing doping content. Moreover, the lightly doped
compound (Zngg95Ag0.005 )4Sbs exhibited the best thermoelectric performance due to the improvement
in both its electrical resistivity and thermal conductivity, whose figure of merit (at 300 K), ZT, is about 1.3
times larger than that of 3-Zn4Sbs obtained in the present study. Present results suggest that proper Ag
doping in ZnySbs is a promising way of improving its thermoelectric properties.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Recently, thermoelectric materials have attracted a great deal
of attention for their possible application in energy conversion and
power generation [1-6]. As one of the prime candidates for thermo-
electric application in the moderate temperature range, [3-ZnsSbs
has attracted much attention because of its high thermoelectric
performance, ZT=1.3 at 670K [7,8] (ZT=S2T/pA, here S, T, p and
A are the Seebeck coefficient, the absolute temperature, the elec-
trical resistivity and the total thermal conductivity, respectively),
which comes mainly from its extremely low thermal conductivity
originating from the structural disorder in its complex crystallo-
graphic structure [9,10]. The rhombohedral unit cell of 3-Zn4Sbs
contains three distinct atomic positions (36 Zn, 18 Sb1, and 12
Sb2 in space group R 3 c). Moreover, B-Zn4Sbs manifests disorder-
ing in the framework Zn position which displays a considerable
occupational deficiency (0.89-0.90), and in the occurrence of three
weakly occupied (by around 0.06) general positions representing
interstitial Zn atoms [10,11]. The expected ideal composition of
the so-called Zn4Sbs is actually Zny3Sb1g [11]. However, the com-
position obtained from the refined occupancies is Znsg3Sbs [9]
which accords with experimental results [7,8]. In addition, a struc-
tural phase transition takes place at about 263K and [3-Zn4Sbs
changes reversibly to a-ZnsSbs below that temperature [12,13].
The study performed by Nylén et al. shows that a-Zn4Sbs is an
ordered phase with triclinic unit cell (space group C 1). Moreover,
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recentresearches performed by Nylén et al.[11] have indicated that
apart from the B—a phase transition a second low-temperature
a— o’ phase transition appears below 235K, which is deduced to
be related to occupational modulation of slightly Zn deficiency in
a phase with respect to Zny3Sbqg [11].

Nevertheless, although [-ZnsSbs shows some prospects in
thermoelectric applications, there are some imperfections in its
properties. Apart from thermal instability at T>~470K [14-16],
its figure of merit, ZT, still cannot meet the requirements of prac-
tical applications. Hence, further improvements in its properties
are imperative. There are many ways of enhancing thermoelec-
tric properties [17]. Among these, doping approach can be used
to enhance the thermoelectric properties by reducing its ther-
mal conductivity and adjusting its carrier concentration [18,19].
Recently, doping of Cd, In, Al, Hg, Mg, Nb, Cu, Te and Se [16,20-29]
in Zn4Sb; has been reported. These studies showed that when dop-
ing with Cd, In or Mg, the thermoelectric performance of Zn,Sbs
was not improved obviously. In contrast, the thermoelectric prop-
erties were improved substantially after proper doping of Al, Hg, Cu,
Nb and Te. Considering the fact that element Ag has fewer valence
electrons than Zn, it is expected that an incorporation of Ag in the
ZnySbs based alloys will largely increase hole concentration and
would enhance thermoelectric properties of ZnsSbs. Hence, in the
present work, the effects of substitution of Ag for Zn on thermoelec-
tric properties of ZnsSbs at low temperatures are evaluated and the
obtained results are discussed.

2. Experimental procedures

(Znq1_xAgx)4Sbs (x=0, 0.0025, 0.005, 0.01) compounds were synthesized by the
melting and hot-pressing method. The elements (Zn (5N), Sb (3N) and Ag (3N))
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were weighed in stoichiometric ratios in a quartz ampule, which was evacuated
and sealed. Then the ampules were heated slowly to 1023 K and isothermally kept
for 12 h before quenching in water. The obtained compounds were ground in agate
mortar to fine powders, which were then compacted by hot-pressing (under a pres-
sure of 600 Mpa)in vacuumat 573 K for 1 h to form bulk samples. The phase structure
of the obtained samples was determined by using X-ray diffraction (XRD). Accuracy
lattice parameters were measured with XRD by using a Si standard for calibration.
Four probes (Cu straps) were electrically and thermally attached to the specimens
by silver conductive adhesive paste (Phentex Corp., Ward Hill, MA) to measure
their electrical resistance, and when Seebeck coefficient and thermal conductivity
were measured the middle two probes were used to explore temperature gradient
(difference) and potential difference. All the thermoelectric properties (electrical
resistance, Seebeck coefficient and thermal conductivity) were measured simulta-
neously by using a physical property measurement system (PPMS, Quantum Design)
in the temperature range from 15 to 300 K. The densities of the hot-pressed sam-
ples were measured in alcohol by using Archimedes method. The relative densities
of (Zny_xAgx)4Sbs (x=0, 0.0025, 0.005, 0.01) were 97.3%, 97.1%, 97.4% and 98.1% of
the theoretical density (6.36 gcm™3), respectively.

3. Results and discussion
3.1. Sample characterization

X-ray diffraction patterns at room-temperature for all the sam-
ples are shown in Fig. 1. It can be seen that for (Zn;_,Agx)4Sbs
samples (with x=0, 0.0025, 0.005), the main diffraction peaks cor-
respond to [3-ZnySbs (JCPD No.34-1013) phase, no other phase
being detected obviously from the XRD patterns. Whereas, a
small amount of ZnSb phase was detected for the (Znq_,Agx)4Sbs
with x=0.01, as indicted in the figure. Accurate lattice parame-
ter measurement indicates that lattice constants a and c increases
monotonically with increasing Ag content (Fig. 2a). Moreover, as
the Ag content x increase from O to 0.01, the ratio c/a decreases
from 1.01695 to 1.01626 (Fig. 2b), being consistent with the exper-
imental data for Cd doping in Zn4Sbs obtained by Nakamoto et al.
[21]. Present result indicates that substitution of Ag for Zn occurs,
leading to the formation of (Zn;_xAgx)4Sb3 compounds.

3.2. The resistivity and Seebeck coefficient

The electrical resistivity versus temperature for (Zn_Agx)4Sbs
(x=0,0.0025, 0.005, 0.01) in the range of 14-300K is presented in
Fig. 3a. The room-temperature resistivity (3.4 m$2 cm) of 3-Zn4Sbs
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Fig. 1. XRD patterns (Cu Ko irradiation) of (Zn,_,Agx)4Sbs (x=0,0.0025, 0.005, 0.01)
atR.T.
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Fig. 2. (a) Composition (x) dependence of lattice parameters a and c for
(Zny_xAgy)aSbs (x=0, 0.0025, 0.005, 0.01) at R.T. (b) Lattice parameters c/a value
of (Zn1_xAgx)4Sbs as a function of Ag content x at R.T.

obtained here is 4 times larger than that (0.8 m$2 cm) reported by
Souma et al. [30] for their 3-Zn4Sbs. Such a difference may arise
because of the difference in microstructures (such as porosity and
grain sizes) of the samples obtained by using different sintering
techniques (hot-pressing was used in the present study, whereas
spark plasma sintering was used by Souma et al. [30]). One can
see that the temperature dependence of the resistivity for the four
samples is similar: The resistivitiy shows basically metallic-like
(i.e.,,dp/dT>0)behavior in the whole temperature range measured,
indicating that they all belong to a degenerated semiconductor. The
observed anomaly in the p-T curve for ZnsSbs between 263 and
233K is associated with the structural transition from 3 to o/’
phase [21,30].

As compared with Zn4Sbs, the resistivity of the lightly doped
sample with x=0.0025 increases remarkably. However, with
increasing Ag content x from 0.0025 to 0.01, the resistivity of
(Znq_xAgx)4Sbs decreases monotonically. For instance, the room-
temperature resistivity decreases from 5.9 mS2cm for x=0.0025
to 3.2mQ cm for x=0.005 and to 2.9m Q2 cm for x=0.005. This
increase or decrease in the resistivity after doping with different
amount of Ag contents would come from changes of carrier con-
centration caused by substitution of Ag for Zn [31]. Fig. 3b shows
the magnified plots of p-T for the four samples in the temperature
range from 235 to 290 K. It shows that the increase of p associated



230 L. Pan et al. / Journal of Alloys and Compounds 489 (2010) 228-232

7.0
6.5
6.0
55
50
a5l
a0l

p (10°Qm)

3.0
25
20
1.5
1.0

(Zn1-)ﬁgx)asb3

1 n 1 1 1 n 1 n 1 1 1

0 50 100 150 200 250 300
T(K)

(b)

55 | (@ o X=0
- (b) o X=0.0025
50 | (a) (€) » X=0.005
(d) = X=0.01

p (10°am)

4.5

40 (Znﬂ-)ﬁgx)‘;Sbs

35

| s | L | L | L | " 1
240 250 260 270 280 290

T(K)

Fig. 3. (a) The temperature dependence of the electrical resistivity p for
(Zn1_xAgy)aSbs: (a) x=0, (b) x=0.0025, (c) x=0.005, (d) x=0.01. (b) The magnified
plots of the resistivity of four samples from 235 to 290 K.

with the 3 to o phase transition decreases with increasing Ag con-
tent (Ap=1.39, 1.38, 0.84 and 0.11 m€2 cm for x=0, 0.0025, 0.005
and 0.01, respectively), implying that the change of carrier concen-
tration or/and scattering rate accompanying 3— o phase transition
diminishes with increasing Ag content [31].

The temperature dependences of Seebeck coefficient for
(Znq1_xAgx)4Sbs are shown in Fig. 4. The positive values of the See-
beck coefficient of the samples mean that the major charge carriers
in all the samples are holes. The Seebeck coefficient (110.8 V/K) of
B-Zn4Sbs at room-temperature obtained here is smaller than that
reported by Souma et al. [30] for their 3-Zn4Sbs. Such a difference
may also arise due to the difference in microstructures of the sam-
ples obtained by using different sintering techniques [30]. It can
be seen clearly that the temperature dependence of Seebeck coef-
ficient of all the samples is similar: it decreases with decreasing
temperature, but increases abruptly at 250 K and then continues to
decrease with further decreasing temperature, leaving a maximum
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Fig. 4. Variation of Seebeck coefficients S with temperature for (Zn;_xAgx)4Sbs: (a)
x=0, (b) x=0.0025, (c) x=0.005, (d) x=0.01.

at ~230K, which can reasonably be ascribed to the —a/a’ phase
transition [30]. In addition, one finds that Seebeck coefficient of
(Znq_xAgx)4Sbs (x=0.0025) is obviously larger than that of Zn4Sbs,
but it decreases with further increase of Ag content. For instance,
room-temperature Seebeck coefficient decreases from 139.5 wV/K
forx=0.0025 to 98.8 wV/K for x=0.005. However, the Seebeck coef-
ficient of (Zny_xAgx)4Sbs increases from 98.8 wV/K for x=0.005 to
104.6 wV/K for x=0.01.

The non-monotonic change behavior of the resistivity and ther-
mopower with increasing Ag content could originate from local
structure, i.e., specific locations occupied by Ag atoms. As men-
tioned above, besides normal lattice Zn the unit cell of 3-ZnsSbs
contains interstitial Zn and normal Zn lattice vacancies [9,10].
Therefore, dopants can be incorporated in many ways in [3-Zn4Sbs.
Thatis, upon doping Ag may replace three different kinds of species,
i.e., Zn atoms in normal lattice, interstitial Zn atoms and normal
lattice (Zn) vacancies. Since dopant Ag has the electronic struc-
ture [Kr]4d!95s?, if it replaces a normal lattice Zn or interstitial
Zn ([Ar]3d'94s2) atom, an acceptor level in the band gap will be
introduced, resulting in an increase in the hole concentration. This
would have happened in the case of heavily doped compounds
(Zny_xAgx)4Sbs (with x=0.005-0.01), for the resistivity and See-
beck coefficient of (Zn;_xAgx)4Sbs (x=0.005-0.01) decreases as
compared to those of the un-doped compound. However, present
explanation is inconsistent with phenomenon observed in the
lightly doped compound (Zngg975A80.0025)4Sb3, whose Seebeck
coefficient and the resistivity are substantially larger than those
of un-doped Zn4Sbs (curve (b) in Figs. 3 and 4). This suggests that
in the case of lightly doping Ag atoms could mainly fill in the Zn
vacancies in the normal sites. In fact, previous studies [7,9] showed
that [3-Zn4Sbs is always zinc deficient with the formula Zn; g_sSbs
(0<§<0.02), which means that there are not only lattice Zn vacan-
cies accompanied by interstitial Zn[11,32] but also independent Zn
vacancies (which are not (or fully) accompanied by interstitial Zn
atoms nearby). These independent Zn vacancies are expected to be
filled preferentially by Ag atoms in consideration of energy changes.
Obviously, as Ag fill the Zn vacancies the corresponding acceptor
levels will be eliminated or reduced, resulting in decrease in hole
concentration of the doped compound (and giving rise to increase
of the resistivity and Seebeck coefficient). Since the number of the
independent normal Zn vacancies is very limited, as dopant con-
tent increases substitution of Ag for Zn atoms in normal lattice
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and/or interstitial sites will become dominant, which would lead
to increase in hole concentration, as manifested in the decrease of
the resistivity and Seebeck coefficient (as observed in the heavily
doped compounds (Fig. 3)).

It is worthwhile to point out that there are possibilities that
the non-monotonic behavior of the resistivity and thermopower
with increasing Ag would be related to other factors. Recently,
Litvinchuk et al. and Nylén et al. [31,33] studied structural tran-
sition behavior and transport properties of Bi, Sn and Pb doped
ZnySbs compounds, and they showed that metal doping caused an
obvious change in the ratio of Zn/Sb, which led to not only changes
of their structural transition behavior, but also changes of car-
rier concentration and scattering rate [31,33]. If Ag doping causes
increase (or decrease) in interstitial Zn atoms (or Zn/Sb ratio) in
the material preparation, the carrier (hole) concentration in ZngSbs
will decrease (or increase). However, since in our sample prepara-
tion the mass of Zn and Sb are fixed according to stoichiometric
ratios, the fluctuation in the ratio of Zn/Sb would not be remark-
able. Even if the change of Zn/Sb ratio happens, it is difficult for
one to imagine a non-monotonic change of the ratio with increas-
ing Ag content. Nevertheless, a small quantity of ZnSb impurity
phase is detected in the heavily doped sample (Zngg9Ago.01)4Sb3
(Fig. 1). This means that Zn/Sb ratio in this sample will increase due
to precipitation of ZnSb phase, leading to increase in the number of
interstitial Zn atoms and decrease of hole concentration. This spec-
ulation is, instead, inconsistent with the observed phenomenon
in which the resistivity and Seebeck coefficient decrease substan-
tially as compared to those of lightly doped samples (Figs. 3 and 4).
Therefore, the possible change of Zn/Sb ratio accompanied with
Ag doping (if any) could hardly account for the non-monotonic
behavior of the resistivity and thermopower. Likewise, one has dif-
ficulties to explain this non-monotonic behavior in terms of change
of the scattering rate at different doping levels, for scattering rate
usually increases with increasing dopant content due to enhanced
potential disorder, leading to decrease in its carrier mobility (and
consequently increase in its electrical resistivity).

3.3. The thermal conductivity and the dimensionless figure of
merit

The temperature dependences of total thermal conductivity

A for (Zni_xAgx)4Sbs (x=0, 0.0025, 0.005, 0.01) are shown in
Fig. 5. It can be seen that the temperature behavior of the ther-
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mal conductivity for all the samples is similar: it increases with
increasing temperature and then decreases with further increas-
ing temperature up to ~230K, leaving a maximum locating at a
certain temperature (at 35, 33, 57 and 27K for (Zn_,Agx)4Sbs
(x=0, 0.0025, 0.005, 0.01), respectively). In contrast, however,
the thermal conductivity of the substituted compounds decreases
remarkably as compared with ZnySbs. The total thermal conduc-
tivity of a solid is the sum of a lattice thermal conductivity (Ap)
and a carrier thermal conductivity (A¢): A=Ar +Ac. Ac can be esti-
mated using the Wiedemann-Franz law, i.e., Ac=LgT/p (here Ly
and p are the Lorenz number and the electrical resistivity, respec-
tively). Hence, the lattice thermal conductivity of (Zn;_,Agx)4Sbs
can be obtained from A; and Ac, as given in Fig. 6. The inset of Fig. 6
presents the carrier thermal conductivity as a function of temper-
ature for (Znq_yAgx)4Sbs. It can be seen from the inset of Fig. 6
that A¢ increases slowly with increasing temperature at T<250K
and then it rises rapidly with a further increase in temperature.
However, A¢ is much smaller than A; over the whole temper-
ature range. This result indicates that the thermal conductivity
of (Zn1_xAgx)4Sbs is mainly determined by its lattice contribu-
tion. The value of the lattice thermal conductivity corresponding
to the low-temperature peak for ZnsSbs, (Zngg975A80.0025)4Sbs3,
(Zn0.995Ag0_005 )45]303v (Zl’lo.ggAgo_m )4Sb3 is 2.58, 1.67, 1.18 and
3.16Wm~1 K1, respectively. Obviously, low-temperature lattice
thermal conductivity of the doped compounds reduces remark-
ably as compared with that of ZngsSbs, and the more the doped
Ag content, the lower the lattice conductivity (curves a, b and
¢). The obviously lower lattice thermal conductivity of the com-
pound (Zny_xAgx)4Sbs (x=0.0025 and 0.005) as compared with
ZnySbs can be ascribed to the enhancement of phonon scattering
by impurity (Ag) atoms with greater atomic weight. However, one
notices that the low-temperature lattice thermal conductivity of
(Zng.99Ago.01)4Sbs is even larger than ZnySbs. This large lattice ther-
mal conductivity observed for (Zng 99Ago 01)4Sb3 can be attributed
to the contribution of impurity phase ZnSb (Fig. 1), for ZnSb phase
has a much higher lattice thermal conductivity (226 Wm~1K-1)
[34] than that of Zn4Sbs. In fact, the contribution of impurity
phase ZnSb can also be detected from Seebeck coefficient measure-
ments. By comparing curve ¢ with curve d in Fig. 4, one notices
that Seebeck coefficient of (Zng g9Ago.01)4Sbs is slightly larger than
that of (Zngg95A80.005)4Sbs. This increase in Seebeck coefficient
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could reasonably be ascribed to the contribution of the higher See-
beck coefficient of the ZnSb phase (196 wV/K) [34] contained in
(Zng 99Ago.01)4Sbs sample.

The thermoelectric properties are summed up by the dimen-
sionless figure of merit ZT, which is shown in Fig. 7. The temperature
behavior of ZT for all samples shows a valley at the tempera-
ture around 253K due to B<a/a’ phase transition. The ZT for
the heavy substituted compound (ZngggAggo1)4Sbs is smaller
than that of pure 3-ZnsSbs at temperatures above 250K. This
is mainly due to its considerably larger thermal conductivity
and smaller Seebeck coefficient, although its electrical resistiv-
ity is improved as compared to that of the un-doped compound.
On the other hand, the ZT of the lightly substituted compounds
(Zng.9975A80.0025)45b3 and (Znggg5Ago.005)4Sb3 shows significant
improvement in the whole temperature range investigated. In
particular, the ZT value of (Zng g95Ag0.005)4Sb3 reaches a value of
0.106, which is about 1.3 times larger than that of pure Zn4Sbs
at 300 K. Obviously, this improvement in the thermoelectric prop-
erties of (Zng g95A8g0.005)4Sbs originates from the decrease in both
the electrical resistivity and lattice thermal conductivity, which
can be ascribed to the increased holes concentration and enhanced
phonon scattering due to substitution of Ag for Zn.

4. Conclusions

The thermoelectric properties of Ag-doped compounds
(Znq1_xAgx)4Sbs have been studied. The results indicate that low-
temperature (T < 300 K) thermal conductivity A of the lightly doped
(Zny_xAgx)4Sbs (x=0.0025 and 0.005) reduces remarkably as com-
pared with that of ZnsSbs presumably due to enhanced impurity
(dopant) scattering of phonons. The larger low-temperature lattice
thermal conductivity of (Zngg9Agpo1)4Sbs as compared with that
of ZnsSbs could be attributed to the contribution of impurity
phase ZnSb. The resistivity p and Seebeck coefficient S are found
to increase and then decrease moderately with the increase in

the Ag content, which could be ascribed to change of carrier
concentration due to different positions occupied by Ag upon
increasing doping content. Moreover, the lightly doped compound
(Zng.995A80.005 )4Sbs exhibits the best thermoelectric performance
due to the improvement in both its electrical resistivity and
thermal conductivity, whose ZT (at 300 K) is about 1.3 times larger
than that of [3-Zn,Sbs obtained in the present study. Present
results suggest that proper Ag doping in ZnsSbs is a promising way
of improving its thermoelectric properties.
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