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Abstract

Multiple degenerated bands engineering has been established as an effective approach
to maximize electrical transport in thermoelectric materials. A series of polycrystalline
samples of chalcopyrite Cuy, sAgnTe, (x =0 - 0.5, 6 = 0.02 - 0.05) was synthesized,
to achieve multiple degenerated bands. The pseudocubic structure is realized when x
is around 0.2. As a result, the degenerated valence bands influence the electrical
transport significantly. In addition, the lattice thermal conductivity is significantly
depressed in the solid solution due to the strong phonon scattering by strain-field
fluctuations, since Ag substitution bring significant anharmonicity to the crystal
structure. Highest ZT of 1.24 was obtained at the composition Cug75Ago2InTe,. This
study provides an example how the pseudocubic crystal structure is applied to design

and evaluate the TE properties in diamond-like compounds.

Keywords: Thermoelectricity; Pseudocubic symmetry; Diamond-like crystal structure;
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1. Introduction

As an alternative energy recycling technology, thermoelectric (TE) material
energy conversion directly converting of heat to electricity, can provide sources of
clean energy by utilizing industrial waste heat and increase energy conversion
efficiency. The TE performance of the materials is characterized by the dimensionless
figure of merit, ZT = S%T/x, where S, o, x and T are the Seebeck coefficient,
electrical conductivity, thermal conductivity and absolute temperature, respectively.
The state-of-art materials with high ZT require a low thermal conductivity as well as
the excellent electrical transport characterized by a large power factor PF=S%.

The optimal electronic properties of a thermoelectric semiconductor depend
primarily on the weighted mobility™2, ~zN,(m*)*?, here m* is the effective mass, u is
the mobility of charge carriers, and N, is the valley degeneracy of the bands.
Generally, the carrier effective mass and mobility in solids are in conflict with each
other'™®, i.e. large effective mass usually means low mobility and vice versa. Thus
highly degenerated or multi-valley band structures®* are required to maximize power
factors and excellent electrical properties. As a consequence, the state-of-art TE
materials are usually limited to several classes of compounds with high-symmetrical
crystal structures, such as PbTe?®, skutterudites’, Sii,Gel? and Bi,Tes™?
half-Heusler phases®, Mg,Si’, and liquid-like Cu,Se®, since their cubic or hexagonal
crystal structures yield multi-band structures. This severely extends the exploration of
TE materials to low-symmetrical semiconductors, such as compounds with
diamond-like crystal structures, called hereafter as diamond-like compounds.

As a class of traditional semiconductors, multi-component diamond-like
compounds with tunable band gaps have drawn considerable attention in the
photovoltaic application and optical devices. Their TE properties had been not fully
valued for a long time. The main obstacle is to optimize electrical and thermal
transports simultaneously in the compounds with distorted crystal structures. Binary
sphalerites have high-symmetry cubic structures, but their thermal conductivity is too
high. Recently, several compounds with low-symmetrical crystal structures (i.e.

Cu,MSes, M = Sn, Ge>'% CusShQ., Q = Se,S ™) have been found to exhibit very
2
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low thermal conductivity, however, severe lattice distortion also depresses electrical
performance. In face of this contradiction, I-111-VI, chalcopyrites provide a perfect
solution. Both of CulnTe; and CuGaTe, possess excellent electrical properties as well
as a low thermal conductivity***°. The reported high ZT values (1.18 for CulnTe, and
1.4 for CuGaTe,) are among the top diamond-like semiconductors, making I-11I-VI,
chalcopyrites to new class of promising thermoelectric materials. Furthermore, by

combing theoretical calculations and experimental data'***

, @ simple “unity-7 rule”
was proposed to screen and design high performance chalcopyrite TE compounds®.
The key point of the “unity-7 rule” is that when tetragonal distortion parameter 7
(defined as 7 = c/2a, where a and c are the lattice parameters) approaches unity, two
valence bands 73, and 7z, tend to degenerate at the edge, yielding good electronic
properties(Figure 1). The “unity-7 rule” is simple but builds a straightforward bridge
between the TE performance and crystal structure projected into lattice parameters.
This provides a direct strategy for guiding the evaluation of TE performance in

chalcopyrites. This effective approach have been successfully applied recently also to

the Zintl phases of the CaAl,Sh, type®.

Chalcopyrite Tetragonal Pseudocubic Tetragonal
n=c/2a X n>1 =1 n<i
\© 9 > \E/ \S:/ \(y
. = Acr=E(T"5.)-E(Ts,)
o —
et 2 8| /TsN\ 7 ﬁ-‘t\
c / . 4/ \ . ~\\
P @ w ﬁ')\ / r - VAR
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Fig. 1. Crystal structure and electronic bands in ternary chalcopyrites. The
pseudocubic structure shows 7 ~1, and the split bands 77, and 75, nearly degenerate
at the top of valence band.

The “unity-7 rule” can also be used to design new pseudocubic multi-component
high-performance TE chalcopyrites. Compared with binary sphalerites, the tetragonal

distortion of I-111-VI, chalcopyrites is weak but still unavoidable. Thus the

3
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degeneration of valence bands near the band edge is unlikely realized in many
I-111-V1, compounds when 7 values deviated from unity. Therefore, by mixing two
host compounds with opposite distortions in c/2a is an expected effective way to
achieve band degeneration in a pseudocubic structure, thus, good electrical properties

as well as TE performance®%

. In addition, the thermal conductivity in I-111-VI,
chalcopyrites is still rather high compared with the state-of-art thermoelectric
materials. The massive point defects caused by formation of disordered solid solutions
could in additionally greatly depress the thermal conductivity due to mass and
stress-field fluctuations® ?*. In this work, we choose CulnTe, (77 ~ 1.004?" %) and
AginTe; (77 ~ 0.981%°) as the two precursors to design and realize pseudocubic crystal
structure in a solid solution for good electrical properties and low lattice thermal
conductivity. High ZT 1.24 for pseudocubic Cug 7sAgo2InTe, is achieved.
2. Experimental details

Bulk polycrystalline samples Cuj.«.sAgxInTe, (x = 0.1 - 0.5, 6= 0.0, 0.02 and 0.05)
were prepared by sequential melting, grinding, annealing, and sintering. Because fully
stoichiometric chalcopyrite compounds are semiconductors, samples with small Cu
deficiency were prepared in order to achieve compositions with optimized hole
concentration and electrical properties. Elements Cu (Alfa Aesar, 5N, shot), Ag
(Alfa Aesar, 5N, granule), In (Alfa Aesar, 5N, granule), and Te (Alfa Aesar, 5N, shot)
were loaded into graphite crucibles, and then sealed in evacuated silica tubes. The
silica tubes were heated to 1100 °C and kept at this temperature for 12 hours, then
guenched in ice cold-water and annealed at 650 °C for 5 days. The obtained ingots
were crushed into fine powder for sintering. All densified bulk samples
Cuix-sAgkInTe; (x = 0.1 - 0.5) were consolidated by Spark Plasma Sintering (SPS) at
about 550 °C for 10 minutes under a uniaxial pressure of 50 MPa in vacuum. In
comparison, the samples Cu;«.sAgxInTe, (x = 0.1 - 0.3) were also consolidated by Hot
Pressing (HP) for 20 minutes at 650 °C under a pressure of 65 MPa.

The phases constituting the samples were evaluated by powder X-ray diffraction
(XRD), which was carried out on a diffractometer Rigaku 69 D/max2250 (Cu-K

radiation, 40 kV/200 mA); Si powder (a = 5.431 A) was used as internal standard
4
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when running X-ray diffraction measurements. The compositional homogeneity of all
the samples was examined by electron probe microanalysis (EPMA, JEOL
JXA-8100). Optical absorption spectra by using pulverized powders were measured at
room temperature by a UV-visible-near IR spectrometer (HITACHI U-3010) equipped
with an integrating sphere. Seebeck coefficient and electrical resistivity were
measured in the temperature of 300-750 K using a ZEM-3 system under a sealed
chamber with a small amount of helium gas. Thermal diffusivity (D) was measured
using the laser flash method (Netzsch, LFA427). The electrical and thermal properties
were measured to 850 K for HP samples, and to 750 K for SPS samples like it was
made previously for Cu,Sn1..Ga,Ses>’. The gravimetric density (d) was measured by
the Archimedes method. Hall effect measurements were performed for HP samples
using a cryostat equipped with a 5.5 T magnet.
3. Results and discussion

3.1 Phase and structure characterization

Since samples with different Cu deficiency at each Ag content show very close
crystal structure parameter and performance, we choose samples with best electrical
property at each Ag content for the following discussion. The XRD patterns of
Cuix-sAgxINTe, (x = 0.1 - 0.3) were shown in Fig. 2(a). All the XRD peaks are
assigned to the diffraction patterns of chalcopyrite structure with the space group
142d. No other impurity peaks are found. The EPMA analysis for x = 0.2 sample
confirmed that Cu, Ag, In, and Te were uniformly distributed, as shown in Fig. 2(b).
The chemical compositions of samples with x = 0.1 - 0.3 detected by the quantitative

EDS analysis were listed in Table I.
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Fig. 2. (a) X-ray powder diffraction patterns of Cuy., sAg«InTe, solid solution (x =0.1 - 0.3);
(b) EPMA-filtered secondary X-ray element maps of HP- Cug 7sAgo.InTe,.

Table I:  Chemical composition of Cu,..sAg«InTe, samples.
Composition (at.%)

Sample
Cu Ag In Te
CulnTe, 24.92 +0.71 - 25.60 +0.36 49.48 +0.51
Cun Al InTe 21.11 +0.42 2.73+0.19 25.95 +0.21 50.21 +0.30 "
08801 INTE, 23.61 +0.49 2.70 +£0.19 24.76 +0.27 48.92 +0.55"
CUn A InTe 18.29 + 0.39 4.77+0.16 26.20 +0.28 50.74 +0.41"
075700 21N 1€ 20.59 + 0.57 5.49 +0.20 25.18 +0.42 48.73+0.55"
Cur <oAdeInTe 16.49 + 0.53 7.41+0.21 25.74 +0.20 50.36 + 0.45;
06800 31N 1€, 18.92 + 0.48 7.36 +0.29 24.83 +0.32 48.89 +0.58

* sample densified by HP
** sample densified by SPS

Since the atomic radius of Ag (1.44 A) is larger than Cu (1.28 A), the XRD peak
positions slightly shift to low angles with the Ag content increasing, revealing the

lattice expansion by Ag substituting Cu atoms. The lattice parameter refinement of the

6
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samples was performed with the software WinCSD?. As shown in Fig. 3, both the
lattice parameter a and c increase almost linearly as the Ag content increasing, being
consistent with the Vegard’s rule. Linear fitting the experimental data gives the
following a(x) and c(x) equations in the solid solution Cu;sAgxInTe,: a = 6.1908 +
0.2200x, and ¢ = 12.4289 + 0.1961x. The gradient slope of parameter ¢ (b, = 0.1961)
is slightly lower than that of parameter a (b; = 0.2200), indicating that the lattice
expansion along x axis is more significant than that along z axis. Consequently, the
distortion parameter = c/2a decreases with increasing Ag content, and equals to
unity when x = 0.19 according to fitting result. This is consistent with the
experimental data that unity of 7 is almost obtained in the sample Cug 7sAgo.2InTe, (7
~ 1.0003). Previous work Rietveld refinement revealed that the pesudocubic
tetragonal unit cell should be achieved at the composition x = 0.25%°. The unity-7 of
the pseudocubic structure without long range distortion is favorable for realizing

highly degenerated valence band and then good TE performance®!(see below).

6.50 | i
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6.45
1 L 12.75
6.40 - - [ 1270
) a=6.1908+0.2200 - x A
—~ 6.35] -1 S
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< - [ 12,60 o<t
o
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Fig. 3. Variation of lattice parameters a and ¢ vs Ag content in the Cuy, sAg«InTe, (x =0 - 0.5)
solid solution.

Table 1I: Lattice parameters, and band gap in Cuy, sAgyInTe, (x =0 - 0.5) sample powders.

Lattice parameters E,
Compostion a(®) c® Sample Code
(+0.0006) (+0.0009) 7 =cl2a (eV)
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CulnTe,
CuogsAgdo1InTe,
Cup75Ago2InTe;
CuoesAgdosInTe;
Cuos5Ag04INTe,
Cuo.45AgosInTe,

AgInTe,

6.1958

6.2161

6.2379

6.2578

6.2684

6.2907

6.4430%

12.4162

12.4532

12.4804

12.4965

12.5026

12.5037

12.6357%

1.002 0.95

(1.003%) (1.04%°,1.06%)
1.002 0.96
1.000 0.93
0.998 0.90
0.997 0.89
0.993 0.89

0.981% 0.96%°

Ag0.1
Ag0.2
Ag0.3
Ag0.4

Ag0.5

3.2 Band structure and Electrical transport
3.2.1 Optical properties and band gap

The absorption coefficients « were estimated from the absorption spectrum of
Cu,sAgyInTe,. At room temperature, the optical data plotted as (ehv)® against
photon energy is shown in Fig. 4, where « is the absorption coefficient, h is the
Planck constant, and v is the wave number. The extrapolation of the linear part of the
(ahv)? curve gives the estimated Egy for Cui«.sAgxInTe,, from 0.96 eV to 0.89 eV as
listed in Table Il. The band gap obtained here is slightly lower than the previous
reported data. For example, the gap of CulnTe, for 1.05-1.1eV was reported in Ref. 25,
29. When increasing Ag content, the band gap exhibits a slight decrease, being
agreement with the narrow band gap of AginTe,***. In the chalcopyrite structure, the
strong p—d orbital hybridization results in a considerable contribution to the near-edge

valence bands®. As compared with the 3d orbitals in Cu, the Ag-4d orbitals could

slightly elevate the valence band edge and thus to slightly reduce the band gap.

Page 8 of 26
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CulnTe,
& 00204 Ag0.1
£ ——Ag02
Lo —Ag0.3
> 00154 -Ag0.4 ——
L0 ~Ag0.5
o
b ol
~ 0010
N/\
E 0.005 4

0.000 ey '
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Fig. 4. Photon energy dependence of (ahv)® for Cuy.sAgnTe, (x = 0 - 0.5) at room
temperature. Extrapolation of the linear part of the dependence to (ehv)? = 0 yields the
estimated band gap E,.

3.2.2  Electrical conductivity and Seebeck coefficient

Fig. 5 displays the temperature dependence of electrical conductivity o and
Seebeck coefficient S for the SPS and HP samples Cui,.sAgxInTe,. With the Ag
content increasing from x = 0 to 0.5, the electrical conductivity firstly increases due to
Cu deficiency and then greatly decreases from 13.5x10° Sm™ to 1.1x10% Sm™ with Ag
substitution at room temperature. This dramatic decline is also observed in
(Cu/Ag)GaTe,** as well as (Cu/Ag).(Ge/Sn)Ses”*° and can be explained by the carrier
concentration variation (shown below). Meanwhile, the Seebeck coefficient of
Cuix-sAgxInTe; is enhanced drastically with Ag substitution. For example, the room
temperature Seebeck coefficient increases from 201 pVK™ in CuggsAgo1InTe, to 393
uV/K in CugssAgosinTe,. As a result, the power factor PF is initially increased and
then gradually decreased when increasing Ag doping content. The highest value of PF
is 6 pWem™K? at 300 K in the sample with Ag content of 0.1, as shown in Fig. 6.

The room-temperature TE properties are summarized in Table 1II.
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Fig. 5. Temperature dependence of electric transport properties of polycrystalline
CupxsAgINTe, (x = 0 - 0.5); (a) electrical resistivity o-and (b) Seebeck coefficient S.
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Fig. 6. Power factor as a function of temperature for Cuy, sAg,InTe, (x =0 - 0.5).

Table IlI: TE properties, hole concentration (p), mobility (u), effective mass (m*), Lorentz number (L), and
phonon scattering parameters (u, I'y, T's, and &) of Cuy, sAgyInTe; (x =0 - 0.5) samples.

Densification S

Technique, _ COMPOSIHON (i 108y wmk?)  a0%emd) emvisy ™ oy 4 Tw T e
CulnTe, 528 012 6.12 007 109 090 149 i i i ]
CuossAGoslnTe, 201 135 284 1.70 50 101 161 234 00037 00403 228
HP Cuo75Ago2InTe, 231 71 1.84 111 40 0.95 1.58 3.76  0.0064 0.1160 331
CuossAgoslnTe, 275 49 188 0.75 0% 154 330 00083 00939 185
ClossAgoslnTe, 211 14.2 2.90 2.00 44 11 161 227 00037 00377 213
CuorsAGoalnTe, 242 82 195 152 36 120 157 350 00064 00994 284
sPS CuossAGoalnTe; 256 58 175 118 31 114 156 361 00083 01142 225
ClossAgoalnTe, 315 26 154 . . : : 378 00093 01377 216
CuossAgosinTe, 393 11 140 : . : : 375 00095 01511 209

10
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3.2.3 Electrical transport and unity-» rule

According to Hall effect measurements, all samples exhibit p-type transport and
the calculated hole concentrations in the range of 2 K to 300 K are plotted in Fig. 7(a).
With similar Cu deficiency, the hole concentration decreases remarkably with the Ag
content increasing, which is consistent with the variety of electrical conductivity and
Seebeck coefficient. This may be related to the different character of Cu-X and Ag-X
chemical bonds influencing the real band structure. Another possibility is that because
the Cu-deficient starting composition of the samples, introducing of silver results in
both — substitution of copper and filling-up the eventual structural defects. A more
deep study is required for the full understanding of this issue is necessary in the future.
The value of room temperature hole concentrations are 1.70x10" cm?, 1.11x10%° cm’
and 0.75x10"° cm™ for the samples with Ag content of 0.1, 0.2 and 0.3, respectively.
The carrier concentrations of all samples are almost constant from 2 K to 300 K,
indicating the domination of extrinsic carriers. The hole mobility () of
Cuix-sAgxInTe; is also strongly influenced by the substituted Ag atoms at Cu sites.
The random distribution of Ag at Cu sites generates additional scattering centers®. No
matter with the sintering technique, the hole mobility consistently decreases with Ag
content increasing. For example, room temperature g4 is decreased from 125
cm?Vist in CulnTe; to 41 cm®Vv's™? in CupesAgosInTe, sintered by HP and 31
cm?Vistin CupesA0o 3INTe; sintered by SPS. Except CulnTe,, the carrier mobility of
all samples deviates strongly from the T dependence around room temperature. In
the samples with high Ag content, the temperature dependence of mobility even

T*2 dependence, indicating a ionized impurity scattering®. Therefore, in

approaches
the temperature range below 300 K, the hole mobility is determined by a mixed

scattering mechanism, such as acoustic phonon, atomic substitution.

11
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Fig. 7. Temperature dependence of hole concentration p(T) (a) and hole mobility logg (logT)
(b) for Cuy4.sAg«INTe, (x = 0.1 - 0.3) samples,

The mixed scattering mechanism can be also supported by the hole concentration
dependence of mobility. As shown in Fig. 8(a), the mobility shows a nearly nice p™
relationship (see the solid line) for the materials with dominant acoustic phonon
scattering such as CulnTe, and Culn;.Cd,Te,. However, the mobilities of solution

system are far below the line dominated by acoustic phonon scattering due to

additional carrier scatterings.

£00
140 b ® Culn CdTe,
& AL
= | P 500 4 ® Cu, Ag InTe_.HP
120 ; L] CUI"TG_,&CUM, .Ccl_Ye l Cu, .Ag_lﬂTe:-SPS
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" - RUN : > | oro w08
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£ g b
e X" 2 o=
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0008, O30 o0 u‘--____q“. 100 4 -——
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T v T T o v v T T
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210"%cm™) p(10"em™)

Fig. 8. hole concentration p dependence of the hole mobility x () and Seebeck coefficient S
(b) for Cuyy.sAQ«INTe; (x =0 - 0.3) at 300 K. The squares represent experimental data from
literature (Refs.14, 18, and 37), and the circles represent our data. The line in (a) gives the
p™? relationship, the red lines in (b) were generated using the single parabolic band model by
taking m* = 1.0m, respectively.

Besides the decreased hole concentrations and mobilities, Ag substitution also

changes the valence band character caused by the structure evolution. Because

chalcopyrite compounds CulnTe, and AgInTe, possess non-cubic tetragonal

12
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structures with distorted tetrahedra, in contrast to the zinc blende lattice, the triply
degenerated valence band /73s, in tetragonal chalcopyrites splits into a non-degenerate
band 7%, and a doubly degenerated band 7%, due to the crystal field effect®® * with the
splitting energy defined as Acg = E(/35,) - E(/%). The splitting energy Acr is
approximately described by Acg = 3b(1-7), where b is a parameter related with the
structure distortion”>*. As a result, the 7%, lies below the 77, in AgInTe, because 7 <
1 (Acg = -0.09 eV, Ref. 21), while 75, lies above 77, in CulnTe, because 77> 1 (Ack =
0.01 eV, Ref. 21). Thus, when Ag content is around x ~ 0.2, the /3, and 75, bands
tend to degenerate near the valence band edge, thus gradually enhancing power
factors (S%0)*. As is supported by the data showed in Table III, in which the
room-temperature Seebeck coefficient of SPS-CuggsAgosInTe, (256 uVK'l) is higher
than that of HP-Cup 75Ago2InTe; (231 uV/K) although both of them possess identical
hole concentrations.

In the single-parabolic band model, Seebeck coefficient and hole concentration

can be linked by the equations?:

ke[, (2+2A)Fu(E)
S‘q( (1+A)Fﬂ,(§)] @
and

p=dn(" l':BT )2 Fy () @)

where & A, ks, h and Fj&) are the reduced Fermi energy, the scattering factor,
Boltzmann constant, Planck constant and Fermi integral, respectively. Using the
measured Seebeck coefficients and hole concentrations, the room temperature
effective masses m* are calculated and listed in Table Ill. The values of m* for
Cuy, sAgInTe, are around 0.95~1.2 me, which is higher than the previously reported
value for CulnTe,, 0.6~0.8 me***°. The red line in Fig. 8(b) represents the calculated
results by using the single-parabolic band model with the scattering factor A is set to
be 0 according to the mobility data and m* = 1.0 m.. The data of Cu,., sAgnTe, and
Culn;xCdyTe; fits the calculated line quite well in the whole range. For Cuy..sAg.InTe;

materials shown here, x changes from 0 to 0.5, thus parameter 7 varies in a small
13
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range from 0.992 to 1.002. And the Acr changes from -0.09 eV to 0.01 eV as well.
Such a small change leads to a small deviation in the effective mass, which is
consistent the same trend observed in Fig. 8b. In order to simply the model calculation,

we thus use a constant effective mass for Eq. 1 and Eq. 2.

10
® Cu,, :Ag,InTe-HP 300 K
8 - Cuy , sAg,InTe-SPS
Ky
o
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= 4 e ( 22 R
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n

Fig. 9. Power factors as a function of distortion parameter 7 for Cu;«.sAg«InTe, (x =0 - 0.5)
materials at 300 K. The dashed line is a guide to the eyes, which represents the materials with
optimum hole concentrations at various # values.

Furthermore, for optimal power factors in TE compounds, it is desirable that

3,7, 21

multibands are nearly degenerated at the band edge The I'sy and T'yy, bands will

completely degenerate at the composition around x = 0.19 in this system based on the

theoretical calculations®® 2

and present study. Fig. 9 shows 7 dependences of power
factors for CuixsAgxInTe,. Previous studies revealed that the optimum hole
concentrations in CulnTe,-based materials are in the range of 1.0 ~ 3.0 x 10" cm®¥"
The hole concentrations of all present Cu;.«.sAgxInTe, samples are almost among this
range, indicating that these materials should have good power factors. In addition,
parameter # is another factor to determine power factors. For a given 7, the hole
concentrations may vary from a very small value (in an intrinsic semiconductor) to a

very large value (in a metal). Power factor is small when carrier concentrations are
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small or large, but it has a maximum value when carrier concentration is in the
optimum range. In Fig. 9, the dashed line represents the materials with optimum
carrier concentrations while the area below this line represents for the materials with
high or low carrier concentrations. It requires lots of samples with various carrier
concentrations and parameter n values to accurately know this best line in Fig. 9,
which beyond the current study. We just use a trend line instead of the accurate curve
based on our data. Since the samples in this work are mostly within optimum hole
concentration range, the variation of power factor is mainly caused by parameter .

The sintering process also affects the hole transportation as well. Under the same
nominal composition Cu;x.sAgxInTe,, the HP samples show identical electrical
conductivity comparing with SPS samples. In contrast, the hole concentrations in HP
samples is lower than those in the SPS samples. Comparing with hot-press sintering,
in which the sample is heated by thermal conduction, SPS employs a very large
current going through the sample to heat it directly and quickly. Thus the pulsed
electric current during the SPS process can cause overheating in local contact surface
of particles, leading to melting and/or evaporation of low melting point elements®#2#4,
In current study, the elements distribution errors were calculated according to data of
20 EDS points performed both on SPS and HP samples. Evidently, the composition
fluctuation of SPS samples is larger than that of HP samples, as shown in Table I. The
composition inhomogeneity and lattice defects can provide additional scattering to
holes and thus greatly affect the electrical properties. As shown in Fig. 7(b) and Fig.
8(a), the hole mobility of SPS samples is lower than the HP samples although their
nominal compositions are the same, leading to a reduced electrical conductivity. We
also see the deviation for Seebeck coefficients in the SPS and HP samples. But it
seems that the impact of sintering process on Seebeck coefficient seems not as notable
as on electrical conductivity (see Fig. 5b).
3.3 Thermal conductivity

The thermal conductivity x was calculated from the specific heat Cp, density d,

and thermal diffusivity D, x = CpxdxD. Here the specific heat was taken as the

Dulong-Petit value (C = 3k per atom). x can be expressed by the sum of a lattice
15
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component xi and a carrier component xc as x = k. + &c. The carrier contribution is
calculated according to the Wiedemann-Franz law (xc = LoT), where L is the Lorentz
number. Because the electrical conductivities in all samples are as low as in the level
of 10°Sm™, the heat carried by holes contributes little to the total thermal conductivity,
and the calculated x. is very close to x. The total thermal conductivities of all
Cuix-sAgxINTe, samples are dramatically decreased when increasing temperature and
reach around 0.4 Wm'K" above 850 K, which are a fairly low level for
thermoelectric materials, as shown in Fig. 10. For comparing, the minimum lattice
thermal conductivity is calculated from the formula x = 1/3(v x Ipin x Cy), where Cy is
the heat capacity per unit volume of the system, v is the sound velocity, and Iy is the
minimum phonon mean free path, which is generally comparable to materials’ nearest
interatomic distance®. In Cuy,.sAgInTe,, Inin is assumed to be 0.260 nm and the
velocity of sound v can be roughly considered as the value of CulnTe, (2002 ms™
from Ref. 45). Based on these assumptions, the xuin should be around 0.3 W/mK,
which is almost achieved in Cug7sAgo2InTe; at 886 K, as displayed in the inset of Fig.
10. The dramatic decrease of x can be mainly attributed to the Umklapp scattering, as
shown by the approximate 1/T temperature dependence which is also observed in

18,27, 34, 46 47 and other diamond-like

other I-11I-VI, chalcopyrite compounds
semiconductors® *" *8. Meanwhile, there is no significant difference between the HP
samples and SPS samples with same chemical compositions, revealing that phonon

scattering is not sensitive to sintering technique.

16
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Fig. 10. Temperature dependence of thermal conductivity for Cu;«.sAgxInTe, (x =0 -
0.5). The inset picture displays lattice thermal conductivity xi of HP-Cug 75Ag02InTe;.
At 886 K, the value of i hitsthe min.

The Ag substitution in Cuy.«.sAgxInTe, solid solution significantly depresses the
lattice thermal conductivity. One reason for this depression is considered to be caused
by the mass and radius differences between two substituted atoms. In a solid-solution
system, the effect of point defects on lattice thermal conductivity can be given by the

Callaway—Klemens’ equation®:

K — tan_l(u) u? = 772‘909

P 2
K| u hv

KT (3)

L~ total

where Kf, u, 6, Q, h, v, and Tg are the lattice thermal conductivity of pure

material without any defects, disorder scaling parameter, Debye temperature, the
average volume/atom, the Planck constant, the average lattice sound velocity, and the
disorder scattering parameter, respectively. 'y Originates from mass and strain field

fluctuations by the point defects® !

, which are represented by the scattering
parameters I'y and Ts, respectively. Generally, in some system such as skutteruidtes™®
5234 or PhTe® ** % because the lattice parameters change very little, the effect of
strain field fluctuation could be ignored. Hence I IS approximately equal to I'y.

I"'m can be given by the following equation for the present solid solution:

17
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4 M

m

r, :E[sz-x(l—x) (4)

where M_ means the average mass of all the atom in an unit cell. By using the

lattice parameters of the samples, the Q is 2.978x10%° m%atom, and the value of
Debye temperature and the average lattice sound velocity of Cui..sAgxInTe; can be
approximately taken the values in CulnTe,®’, which gives 6= 197.5K and v = 2002
ms™. According to Eq.(4) and (5), the calculated i (black dashed line in Fig. 11) is
much higher than the experimental results. This indicates that, in chalcopyrites,
besides the mass fluctuation effect, the strain-field fluctuations bring by Ag
substitution also may play an important role, since Ag expands the lattice
significantly.

The strength of strain-field fluctuation effects depends on the size differences

and the bonding nature of specific atoms® %8 ‘and is given by:
Mo, o ) AtV
I = l[—c“”‘g J x(1- x)~g-(—rc_“*Ag J ()
4 M, r

where r is the radii of atoms, and the parameter ¢ is a function of the Griineisen
parameter y which characterizes the anharmonicity of the lattice. Considering both
mass and strain field fluctuations, i.e. I'igty = I'm+ I's , We re-estimate the x at 300 K
and 600 K with the parameter ¢ of 280.The calculated lines (red solid line for 300 K
and red dashed line for 600 K) fit perfectly well with the experimental data, as plotted
in the Fig. 11. This confirms the important role of strain field fluctuation on phonon

scattering in Cuy«.sAgxInTe, solid solutions.
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Fig. 11. Lattice thermal conductivity as a function of Ag content in Cuy, sAgyInTe, (x =0 - 0.5)
at 300 K and 600 K*°. The black dashed line shows the calculated xi. only based on the mass
fluctuation between Cu and Ag at 300 K, and the red lines represent the calculated xi
including both mass and strain field fluctuations with &= 280 at 300 K and 600 K.

To distinguish the respective contribution from the mass and strain field
fluctuations, we estimates the I'y, I's and & for each sample by using the experimental
k. based on Eq. (3)-(5), which are listed in Table Ill. The I'y, for all samples are in the
range of 0.003 ~ 0.009, while the I's are much higher than T'y by a degree of one or
two orders. I's varies considerably from 0.04 to 0.15 and it roughly increases with the
Ag content increasing. Further, the value of ¢ is above 200 for almost all samples,
indicating that Ag substitution brings high anharmonicity to the structure since & was
usually in the range of 10-100 for simple semiconductor systems®® *¢. This is
reasonable because AginTe, possesses much low melting point and high thermal
expansion coefficient as compared with those in CulnTe,*®. Thus, the bonding
strength between Ag and Te atoms is much lower than that between Cu and Te atoms,
resulting in the prominent strain field fluctuation scattering to lattice phonons. When
Ag content is about x = 0.2, i.e. at which pseudocubic structure is obtained for high
power factor, the i is 1.84 Wm™K™ at room temperature, only about half of that in
CulnggGag»Te,*°, while both materials possess almost the same atomic ratio and mass

difference between the substituted and host atoms.
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3.4 ZT value

Fig. 12(a) displays the temperature dependence of ZT values for Cuy.x.sAgxInTe;.
Due to the band degeneration and strong strain-field fluctuation induced phonon
scattering by Ag substitutions, the ZT values of Cu.«.sAQxInTe, are greatly improved.
The ZTs in HP-Cup 75Ago2InTe, and HP-CupgsAgo1InTe, achieve 1.24 and 1.10 at
850 K, respectively. The ZT values at 700 K vs 7 are plotted in Fig. 12(b). The
literature data of chalcopyrite compounds are also presented. Among all of
chalcopyrite compounds, CulnTe; is the one possesses 7 mostly close to unity in
I-111-V1, chalcopyrites?!, thus the band splitting of CulnTe,is not as not large as the
other compounds with serious lattice distortion. Cu;«AgxInTe, could be a typical
chalcopyrite system, as the host compounds CulnTe, and AgInTe, possess
appropriately high (>1) and low (<1) n values respectively and reasonable lattice
mismatch, yielding an infinite solid solution. It is convincing that the power factor
remains in the optimal level when 7 is around 1 in this solution system. By combining
the dramatically reduction in thermal conductivity, high ZT values are achieved in this
chalcopyrite system finally. All the high ZT values are located at around 7 = 1, in

agreement with the “unity- 7 rule” for good chalcopyrite TE materials.

12 Aa0.1:5P8 ~@—Ag0.1-+P Py pgd ® Cu AginTe e 700K
ey AQ0.2-5P3 i~ AQ0 2.4 ¢ S,
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Fig. 12. (a) Dimensional thermoelectric figure of merit as a function of temperature for
CuyxsAgInTe,(x =0 - 0.5); (b) ZT value as a function of distortion parameter 7 at 700 K for
CuUrsAGINTe,, CulnTe,™ ', and Cu(In,Gay.,) Te, ™2,

4., Summary
A series of polycrystalline Cui4.sAgxInTe, samples has been successfully

synthesized. The crystal structure and TE properties were investigated. The ideal
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pseudocubic chalcopyrite structure without long range distortion is achieved at the
composition with x around 0.2. Silver substitution essentially affects the valence band
structure and the hole transport of Cu;«sAgxInTe,, leading to a decreased band gap
and electrical conductivity. The optimal power factor was achieved when 7 is in the
range of 1.00 < n < 1.02, which confirms the “unity-7 rule”. As well, the lattice
thermal conductivity is significantly depressed due to the extra point defect scattering
to phonons in the solid solutions. Further analysis shows that the strain-field
fluctuations play a dominated role in the . reduction. A high ZT of 1.24 was obtained
in the HP- Cug75Ago2InTe, sample. The hole mobility is obviously affected in the
Cuix-sAgxInTe, structure since the primary hole transport channels are mainly
contributed from Cu-chalcogenide chemical bonds in diamond-like compounds®® ®*,
This tells us that the 111-elements such as Ga or Al may be more effective to optimize
thermoelectric properties because the mobility could be rarely affected™®®®.

Nevertheless, the pseudocubic structure is expected to be a powerful factor to achieve

high electronic transport in these non-cubic diamond-like compounds.
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