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Culn;_,Mn,Te, samples have been synthesized by a melt-annealing method. The x-ray powder diffraction (XRD)
analysis shows that the Culn;_,Mn,Te; samples crystallize in the chalcopyrite phase. Mn doping can effectively optimize
the electrical properties and accordingly improve the power factor. The room temperature electrical conductivity of doped
CulnTe; increases by several orders of magnitude due to substituting In with Mn. In addition, a large reduction in thermal
conductivity is achieved through the enhanced phonon scattering via Mn-related point defects and precipitates. Therefore,
an enhanced average ZT value up to 0.34 is achieved for sample Culng 9o5Mng ¢75Te;, which is 41% higher than that of the

pristine CulnTe;.
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1. Introduction

Thermoelectric conversion technology, which could con-
vert heat into electricity for power generation or vice versa
convert electrical energy into heat for refrigeration, provides
a possible solution for the energy shortage and environ-
mental concerns. '] However, the low conversion efficiency
limits the large-scale application of thermoelectric technol-
ogy, which is determined by the dimensionless thermoelectric
figure-of-merit (ZT). ZT is defined as ZT = S?6T /x, where
S is the Seebeck coefficient, ¢ the electric conductivity, T the
absolute temperature, and k the thermal conductivity, respec-
tively.

Recently, much effort has been focused on ternary /-
H1-VI2-type (I = Cu, Ag; Il = Al, Ga, In; and VI =
S, Se, Te) chalcopyrite compounds owing to their nontox-
icity, low lattice thermal conductivity, and good electrical

[4-131 So far, many compounds with high

transport properties.
ZT values have been reported, for example, CuGaTe, with
a ZT value of 1.4,1' Ag)osGaTe, with a ZT value of
0.77,15) Cu;_Mn,InTe, with a ZT value of 0.84['% and
CulnTe; 99Sbp o1 + 1 Wt% ZnO system with a ZT value of
1.61.147 Among these ternary chalcopyrite compounds, p-type
CulnTe; are characterized by relatively high Seebeck coeffi-
cient and low high-temperature thermal conductivity, owing

to its degenerate valence bands!*! and highly distorted crys-

DOI: 10.1088/1674-1056/26/9/097201

tal structure,”! respectively, which makes it a promising high-
Nevertheless, the fur-
ther application of un-doped CulnTe; is still retarded by its

temperature thermoelectric material.

poor electrical conductivity and high room-temperature ther-
mal conductivity. Therefore, it is desirable to develop a strat-
egy to improve the electrical conductivity of CulnTe; and si-
multaneously suppress its lattice thermal conductivity.[*!% In
this work, we find that Mn is a desired doping element to im-
prove both the electrical and thermal transport properties of
CulnTe,. Through replacing part of In with Mn, the electrical
conductivity of the Culn;_,Mn,Te; sample increases dramat-
ically since Mn element acts as the acceptor to provide addi-
tional charge carriers (hole). Meanwhile, the elemental substi-
tution leads to obviously reduced lattice thermal conductivity
due to the enhanced phonon scattering. Therefore, enhanced
thermoelectric performance is obtained for Culn;_,Mn,Te;,
resulting from synergistic effect of optimized electrical con-
ductivity and reduced lattice thermal conductivity.

2. Experimental section

Polycrystalline samples of Culn;_,Mn,Te; (x =0, 0.025,
0.05, 0.075, 0.1) were synthesized by a melt-annealing
method.  The starting materials Cu (99.99%, shot), In
(99.999%, shot), Mn (99.999%, piece), Te (99.999%, shot)
were weighed according to the stoichiometric ratio and sealed
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in evacuated quartz tubes, which were heated to 1173 K at a
rate of 1 K/min and held at this temperature for 24 h. Then, the
samples were slowly cooled to 923 K, annealed at 923 K for
72 h, and cooled to room temperature in the furnace. Finally,
to obtain densified bulk samples, the as-prepared ingots were
crushed into fine powders and then vacuum sintered in a hot-
pressing furnace at 823 K for 15 min under an axial pressure
of 65 MPa.

Phase identification and structure analysis were carried
out by x-ray powder diffraction (XRD) using a Rigaku D/max
2200 diffractometer equipped with Cu-K  radiation (45 kV,
250 mA). The microstructures of the polished hot-pressed
samples were investigated by scanning electron microscope
(Zeiss Supra 55, Germany). An electron energy x-ray dis-
persive spectroscopy (EDXS, Oxford) was equipped for ele-
mental mapping and point analysis. The density D of hot-
pressed samples was determined by the Archimedes’ method
and found to be over 97% of the theoretical density. The
heat capacity Cp was obtained using Dulong—Petit model,
Cp =3nR/M, where n is the number of atoms per formula unit,
R is the gas constant, and M is the molar mass. Thermal diffu-
sivity (A1) was measured by the laser flash method using a Net-
zsch LFA457 instrument. The thermal conductivity was calcu-
lated from the equation k = CpDA . The resistivity p and See-
beck coefficient S were measured via four probe method uti-
lizing ZEM-3 instrument (ULVAC, Japan) under low-pressure
helium atmosphere. The room-temperature carrier concentra-
tions of the samples were obtained from Hall coefficient mea-
surements, which were conducted on a mini cryogen free mea-
surement system (Cryogenic Limited, UK).

(2)

3. Results and discussion

Figure 1(a) shows the XRD patterns of Culn;_,Mn,Te,
samples (x =0, 0.025, 0.05, 0.075, 0.1). For all these samples,
their diffraction peaks can be solely indexed to the chalcopy-
rite phase (PDF# 81-1937) and no impurities are observed.
All the XRD patterns were analyzed by Rietveld refinement.
The obtained lattice parameters of the a-axis are shown in
Fig. 1(b). It can be seen that the lattice parameter, a, linearly
decreases with the Mn contents when x < 0.075, indicating
the replacement of In** (0.80 A) by smaller Mn>* (0.67 A).
Higher Mn content did not lead to further decrease in a, as-
cribed to the solid solubility limit of Mn.
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Fig. 1. (color online) (a) The XRD patterns and (b) lattice parameters of
the a-axis for Culn;_,Mn,Te; (x = 0, 0.025, 0.05, 0.075, 0.1) samples.
The gray line in panel (b) is guide for eyes.
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Fig. 2. (color online) BSE images of the samples with (a) 5% Mn and (b) 7.5% Mn. The magnified image of 7.5% Mn sample and
Mn elemental mapping of boxed area are shown in panels (c) and (d), respectively.
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Figure 2 presents the backscattered electron (BSE) mi-
croscopy of the polished surface for typical samples with x =
0.05 and 0.075. As shown in Fig. 2(a), the BSE image of the
sample with 5% Mn reveals a typical homogeneous solid solu-
tion microstructure and no obvious second phase precipitates
can be found. However, for the sample with 7.5% Mn (see
Figs. 2(b) and 2(c)), particle-like precipitates with sizes from
several to 200 nm can be clearly observed, which are randomly
distributed in the CulnTe, matrices. Thus, we can conclude
that the solubility of Mn is between 5% and 7.5%. The pre-
cipitates cannot be identified in the XRD patterns, possibly
due to their low content and tiny size. The elemental mapping
(Fig. 2(d)) reveals that the precipitates have Mn-rich composi-
tions.
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Fig. 3. (color online) The temperature dependence of (a) electrical con-
ductivity, (b) Seebeck coefficient, (c) power factor for Culn;_,Mn,Te;
(x=0, 0.025, 0.05, 0.075, 0.1) samples.

The electrical transport properties for Culn;_,Mn,Te,
samples (x =0, 0.025, 0.05, 0.075, 0.1) are compared in Fig. 3.
As shown in Fig. 3(a), the electrical conductivity of the pris-
tine CulnTe, sample increases with the rising temperature,
exhibiting the typical behavior of intrinsic semiconductors.

However, when Mn is doped, the room-temperature electrical
conductivities of Culn;_,Mn,Te, are dramatically increased,
and the temperature dependence of conductivities becomes
the behavior of degenerate semiconductors, indicating that the
carrier concentrations of the samples were substantially en-
larged by Mn doping. The measured room-temperature hole
concentrations (np) and Hall mobilities of carriers (uy) for
the Culn;_,Mn,Te, samples are listed in Table 1. It can be
seen that the hole concentrations of the samples increase with
the increase of Mn contents. It has been reported that the
hole concentration of the Mn-free CulnTe, is about 5.75 x
10'® cm—3.['2I Consequently, the room-temperature electrical
conductivity of the sample with x = 0.1 is ~ 46600 S/m, which
is more than 40 times larger than that of the sample free of Mn
(about 1100 S/m). Furthermore, the increasing of the hole con-
centrations suppresses the intrinsic excitation of charge carri-
ers. Thus, the occurrence of bipolar conduction is pushed to
higher temperatures with increasing Mn contents.

Table 1. Room temperature hole concentrations (ny,) and Hall mobil-
ities of carriers (uy) for the Culn;_, Mn,Te; (x = 0.025, 0.05, 0.075,
0.1) samples.

x 0.025 0.05 0.075 0.1
np/cm 74x10"% 6.0x10" 83x10" 1.8x10%
Uplem? V—lg~l1 75 38 30 33

Figure 3(b) shows the temperature-dependent Seebeck
coefficient of Culn;_,Mn,Te; samples. Positive Seebeck co-
efficients reveal the p-type hole dominant conduction in all
the samples. The variation trend of the Seebeck coefficient
with temperatures is opposite to that of the electrical conduc-
tivity. The Seebeck coefficient of the pristine CulnTe; sam-
ple decreases with the temperature increasing, further prov-
ing that the undoped sample is a non-degenerate semiconduc-
tor, whereas the Seebeck coefficient for the samples doped
with Mn increases with the temperature increasing, exhibit-
ing a behavior of degenerate semiconductors. As the Mn con-
tent increases, the Seebeck coefficients at 340 K reduce from
424 puV/K for the pristine sample to 130 pV/K for the sam-
ple with x = 7.5%. The Seebeck coefficients for the samples
with x = 0.075 and 0.1 were found to be almost identical at
lower temperature range. One possible reason is that the solid
solubility of Mn in CulnTe; is below 0.075. The increased
electrical conductivity and moderately decreased Seebeck co-
efficients lead to enhanced power factors (PF) in the temper-
ature rangingfrom room temperature to 720 K (Fig. 3(c)). A
maximum PF of 11.2 uV-cm™'-K~2 at 625 K is achieved for
the sample with x = 0.05, which is much larger than that for
CulnTe; at 625 K.
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Fig. 4. (color online) The temperature dependence of (a) total thermal conductivities, (b) Lorentz numbers, (c) electronic thermal conductivities,
and (d) lattice thermal conductivities for Culn;_,Mn,Te; (x = 0, 0.025, 0.05, 0.075, 0.1) samples. The dashed line in panel (d) is the curve for

T~ relationship.

Figure 4 depicts the temperature-dependent thermal
transport properties of the samples. As shown in Fig. 4(a), the
introduction of Mn can substantially reduce the total thermal
conductivities (Kot). Lattice thermal conductivity (k1) can be
obtained from K, by subtracting the electronic part (k) ac-
cording to the relationship of kit = ki, + Ke. Electronic ther-
mal conductivity k. can be calculated from the electrical con-
ductivity by the celebrated Wiedemann—Franz law k. = Lo T,
where L is the Lorenz number.!!”] The Lorenz number in de-
generate semiconductors can be calculated by Seebeck coef-
ficient within a single parabolic model, using the following

equations: 18]
ks (2Fi1(n) )
S= — 1
e <F0(11) ) M
ks \’ 3Fo(m)Fa(n) —4F(n)?
L=(—= 2
( e ) Fy(n)? ’ @

where kg, e, and 1 are the Boltzmann constant, electron
charge, and reduced Fermi energy (Fermi energy divided by
kgT), respectively, and F,(n) is the n-th Fermi-Dirac inte-
gral. The Lorenz number (L) can be calculated using Eq. (2)
with the values of 7, which are fitted from the experimen-
tal data of Seebeck coefficients by Eq. (1). The calculated
Lorenz numbers and related electronic thermal conductivities
of all the samples are illustrated in Figs. 4(b) and 4(c), re-
spectively. It can be derived from Fig. 4(c) that k. increases
with the increase of Mn contents (i.e., electrical conductivi-
ties). Consequently, the large reduction in Kk, mainly comes

from the decreased ki, (see Fig. 4(d)), which can be ascribed
to the addition of Mn. It can be seen in Fig. 4(d) that k, of
all the samples approximately follow a 7~! relationship (the
dashed line in Fig. 4(d)), indicating that the dominant phonon
scattering mechanism should be the three-phonon Umklapp
scattering process (U-process).['”) The incorporation of Mn
can introduce a large number of point defects that can scatter
short-wavelength phonons and thus mainly decrease the high-
temperature lattice thermal conductivities. Additionally, nano-
sized precipitates occurring in samples with higher Mn con-
centrations can provide extra phonon scattering center for mid-
wavelength phonons, which can effectively reduce the lattice
thermal conductivities near room temperatures. The further
reduced k7, at lower temperatures for samples with x = 0.075
and 0.1 can be attributed to their additional nanosized precipi-
tates.

The temperature-dependent dimensionless thermoelectric
figure-of-merit ZT of Culn;_,Mn,Te, compounds is calcu-
lated based on the above transport data and is plotted in Fig. 5.
The ZT values increase when approaching high temperature,
and reach a maximum value of ~ 0.8 at 813 K for the sample
with x = 0.075, which is slightly higher than that of the pris-
tine CulnTe, sample. Nevertheless, the average ZT is also an
important factor for actual thermoelectric applications.?%! The
calculated average ZT for all the samples is shown in the inset
of Fig. 5. It can be seen that the average ZT of all the samples
with Mn incorporation is much higher than that of the pristine
one and is up to 0.34 for the samples with x = 0.075 and 0.1,
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owing to their moderate power factors and low lattice thermal
conductivities in lower temperature range.
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Fig. 5. (color online) Influence of Mn contents on figure of merit Z7 for
Culn;_,Mn,Te, samples. The inset is the average ZT calculated from
the integration using the formula ZT,yerage = TT]2 ZTdT /(I—Th).

4. Conclusion

In summary, polycrystalline chalcopyrite Culn;_,Mn,Te,
compounds (x = 0, 0.025, 0.5, 0.075, 0.1) has been success-
fully synthesized. The solubility of Mn in CulnTe, is de-
termined to be below 7.5%. By substituting In, Mn acts as
an effective acceptor dopant and can dramatically improve
the electrical transport properties of the pristine CulnTe, sys-
tem. In addition, k. of the CulnTe, system can be substan-
tially decreased by the point defects and nanosized precip-
itates introduced by the incorporation of Mn, and thus re-
sulting in a considerably reduction in K. As a result, an
enhanced average ZT value up to 0.34 is achieved for sample
Culng 925sMng g75Tep, which is 41% higher than that of the
undoped CulnTe,, making it a promising candidate for ther-
moelectric applications. Furthermore, it is reported that anions
(P3~, Sb*") doping on the Te sites can effectively increase the
Seebeck coefficient and consequently enhance the PF of the

system.!¥ Thus, introducing anion dopants plus some addi-
tional microstructure engineering in our Mn-doped CulnTe;
system may bring its ZT value to that of the state-of-the-art
thermoelectric materials.
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