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ABSTRACT: Ag0.8In2.4Te4 (= AgIn3Te5) and Ag0.5In2.5Te4 (=
AgIn5Te8) form solid solutions with CdIn2Te4, which are
interesting as materials for photovoltaics or with respect to
their thermoelectric properties. The corresponding crystal
structures are related to the chalcopyrite type. Rietveld
refinements of high-resolution synchrotron powder diffraction
data measured at K-absorption edges of Cd, Ag, In, and Te and
electron diffraction reveal the symmetry as well as the element
and vacancy distribution in Ag0.8In2.4Te4 (= AgIn3Te5)/
Ag0.5In2.5Te4 (= AgIn5Te8) mixed crystals such as
Ag0.25Cd0.5In2.25Te4 and Ag0.2Cd0.75In2.1Te4. All compounds of
the solid solution series (CdIn2Te4)x(Ag0.5In2.5Te4)1−x exhibit
the HgCu2I4 structure type (space group I4̅2m) with
completely ordered vacancies but disordered cations. The
uniform cation distribution and thus the local charge balance are comparable to that of CdIn2Te4. In contrast, Ag0.8In2.4Te4 (=
AgIn3Te5) crystallizes in the space group P4 ̅2c with disordered cations and partially ordered vacancies. This is corroborated by
bond-valence sum calculations and the fact that there is a Vegard-like behavior for compounds with 0.5 < x in the pseudobinary
system (CdIn2Te4)x(Ag0.8In2.4Te4)1−x. Owing to the different structures, there is no complete solid solution series between
CdIn2Te4 and AgIn3Te5. All compounds in this work are n-type semiconductors with a low electrical conductivity (∼1 S/m) and
rather high absolute Seebeck coefficients (up to −750 μV/mK; 225 °C). Electrical band gaps (Eg) determined from the Seebeck
coefficients as well as (more reliably) from the electrical conductivity range between 0.19 and 1.13 eV.

■ INTRODUCTION

Among the plethora of compounds with tetrahedral coordina-
tion of all atoms, those derived from the sphalerite (ZnS)
structure type (space group F4 ̅3m) are most notable. Many of
them are multinary chalcogenides, which attracted much
attention as promising materials for solar cells or thermoelectric
power generation. CdTe, for example, reaches cell efficiencies
of up to 16.7% in photovoltaic applications.1 Cu(In,Ga)(Se,S)2
compounds with efficiencies of up to 20.4% exhibit
chalcopyrite-type structures (FeCuS2, space group I4 ̅2d),
which is an ordered variant of the sphalerite type.2−4 The
related kesterites also form an ordered variant of the sphalerite
type and reach cell efficiencies of up to 9.7%, but contain more
abundant and less toxic elements such as Zn or Sn.5

Concerning thermoelectric properties, Cu2CdSnSe4 and
Ag1−xGaTe2 (x = 0.03) have figures of merit (ZT) of up to
0.7 at ∼400 °C and 0.8 at ∼580 °C, respectively.3,6 First-
principles calculations indicate the possibility of even higher ZT
values upon p-doping for AgGaTe2 and related materials such
as CdGeAs2 or CdSnAs2.

7,8

Among the stable compounds known in the system Ag2Te−
In2Te3, AgInTe2 and a Ag-poor phase Ag3In97Te147 are

stoichiometric, while both AgIn5Te8 (= Ag0.5In2.5Te4) and
AgIn3Te5 (= Ag0.8In2.4Te4) exhibit a broad homogeneity
range.9−12 Ag2Te, which is known as the mineral hessite,
forms a network built up from distorted tetrahedra
interconnected via both vertices and edges (space group
P21/c).

13 It undergoes a phase transition at ∼150 °C, where a
cubic high-temperature (HT) phase (space group Fm3 ̅m) with
dynamical Ag ion disorder is formed.14 In contrast, the room-
temperature (RT) phase of In2Te3 forms a superstructure of
the sphalerite type (space group F4 ̅3m) with ordered cation
vacancies15 as well as a sphalerite-type HT phase with
disordered vacancies.16 AgIn5Te8 (= Ag0.5In2.5Te4) was first
described with ordered vacancies in space group I4 ̅ (CdGa2S4
structure type), with two Wyckoff sites 2a and 2c occupied by
In and one site 2b shared by equal amounts of Ag and In.17,18 A
later investigation19 favors the AgIn5Se8 structure type,

20 which
exhibits completely ordered cations (Wyckoff sites 1a and 4m
In; 1b Ag) and vacancies in space group P4 ̅2m. Thermoelectric
measurements of AgIn5Te8 yield a ZT value of ∼0.005 at 580
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°C, again limited by the low electrical conductivity of ∼1 S/cm
combined with a Seebeck coefficient of ∼170 μV/K; the optical
band gap is ∼1 eV.21 Concerning the structure of AgIn3Te5,
models related to CuIn3(Te/Se)5 assuming the “thiogallate”
(space group I4 ̅)22 and stannite (Cu2FeSnS4, space group
I4̅2m)23 structure types as well as another tetragonal model
(space group P4 ̅2c)24−26 have been discussed. Based on
Rietveld refinements with laboratory X-ray data as well as
electron diffraction, a recent study27 concludes that AgIn3Te5
most likely exhibits P4̅2c symmetry with partially disordered
vacancies. Yet, the atom distribution is still not unequivocally
determined due to lacking scattering contrast.
AgIn3Te5, better written as Ag0.8In2.4Te4 according to the cell

content, exhibits a very low ZT value of 0.000 18 at ∼180 °C,
owing to its very low electrical conductivity (0.01 S/cm), which
is consistent with an electrical band gap of ∼1.13 eV.12

Chalcopyrite-type AgInTe2
28 and Ag1−xInTe2, a Ag-deficient

variant, also show low ZT values of ∼0.007 at ∼300 °C due to
their low electrical conductivities of ∼0.2 S/cm.29 Thin films of
AgInTe2 exhibit an anomalous photovoltaic effect due to their
anisotropic growth.30 In chalcopyrite-type solid solutions
b e t w e e n A g I n T e 2 a n d C d I n 2 T e 4 , i . e . ,
(CdIn2Te4)x(Ag2In2Te4)1−x with x < 0.5, the optical band gap
increases from ∼0.95 eV to ∼1.13 eV with increasing CdIn2Te4
content and thus increasing vacancy concentration.31 CdIn2Te4
itself is a semiconductor with an electrical band gap of ∼1.4
eV32 and forms a defect chalcopyrite-type structure with 25%
cation vacancies. It was first described in space group I4̅,33 but a
later analysis using synchrotron radiation revealed that it
crystallizes in space group I4 ̅2m,34 which was confirmed by an
anomalous dispersion study, which also revealed the disordered
element distribution.35

Multinary chalcopyrite-type and related semiconductors
often contain elements with similar electron counts (e.g., Cd,
Ag, In, Sn, Te), which cannot be effectively distinguished either
by conventional X-ray scattering or by neutron scattering due
to low scattering contrast. This problem can be overcome by
resonant X-ray scattering, when the (energy- but not angle-
dependent) anomalous dispersion terms of the atomic form
factor f, i.e., the real part Δf ′ and the imaginary part Δf″,
increase at the absorption edges of elements. Δf ′ then becomes
significantly negative, so that the corresponding element
appears to have fewer electrons. Reliable values for Δf ′ are as
crucial as joint refinements on data sets at different wavelengths
(near absorption edges and also away from them) in order to
refine the element distribution.36 This technique was recently
applied to determine the element distribution in single crystals
of layered compounds in the system Ge/Sn/Sb/Te37,38 as well
as for Ge2Sb2Te5,

39 Ge3SbInTe6,
40 and SnSb2Te4.

41 Com-
pounds with tetrahedral coordination like kesterites42 as well as
Ba8Ga16Ge30

43 or GaAs/AlAs multilayer systems44 were also
analyzed in the same fashion. Despite the lower precision,
anomalous dispersion was also exploited in powder diffraction
studies, e.g., for clathrates,45 sulfosalt-like materials,46 or
chalcopyrite-like materials such as CdIn2Te4 and compounds
from the solid solution (CdIn2Te4)x(Ag2In2Te4)1−x.

35 The
latter investigation revealed that vacancies tend to order but
that cation sites exhibit mixed occupancies.
In the present study, we address the open question of

element and vacancy ordering in AgIn3Te5 (= Ag0.8In2.4Te4)
and AgIn5Te8 (= Ag0.5In2.5Te4), respectively, and their solid
solutions with CdIn2Te4 as far as they exist, and the effect of
the composition on electrical properties. Resonant X-ray

diffraction at the K absorption edges of all elements involved
is an ideal tool to elucidate the symmetry and element
distribution for various CdIn2Te4 contents associated with
different vacancy concentrations. In contrast to single crystals
grown from the gas phase, powdered homogeneous samples
ensure an exactly defined chemical composition.

■ EXPERIMENTAL SECTION
Sample Preparation. All samples were prepared by melting

stochiometric amounts of the elements or ternary compounds in
sealed silica ampules under a dry Ar atmosphere, in some cases
followed by annealing. The respective ternary compounds
Ag0.8In2.4Te4, Ag0.5In2.5Te4, and CdIn2Te4 were synthesized from
pure elements Ag (99.999%, Premion), Cd (99.9999%, Koch
Chemicals), In (99.999%, VEB Spurenmetalle Freiberg), and Te
(puriss., VEB Spurenmetalle Freiberg) by quenching corresponding
melts in water. Quaternary compounds were prepared by melting
stoichiometric amounts of ternary compounds at 950 or 690 °C
followed by annealing at 690 or 450 °C (for detailed information see
Table S1 in the Supporting Information). For the measurement of
Seebeck coefficients and electrical conductivities, disc-shaped samples
(20 mm diameter; 2.5 g) were prepared by melting stochiometric
amounts of elements (700 °C for 12 h and 920 °C for 24 h) in silica
ampules with a flat bottom, quenching in air, and subsequent
annealing at 600 °C for 72 h followed by quenching in air. The ingots
obtained were ground to obtain plane-parallel discs. Cuboid samples
were cut out of the discs using a diamond wire saw and subsequently
polished using a lapping disc.

Electron Microscopy and X-ray Spectroscopy. The homoge-
neity and composition were investigated by means of energy-dispersive
X-ray spectroscopy (EDX) using a LEO 1530 Gemini (Zeiss) scanning
electron microscope (SEM) equipped with an EDX detector (INCA
software, Oxford Instruments). Representative parts of the sample
were crushed and fixed on conducting carbon tabs. Approximately
horizontal faces were used for EDX measurements.

Transmission electron microscopy (TEM) was done with a Philips
STEM CM-200 ST (acceleration voltage 200 kV, point resolution 0.23
nm) equipped with an EDX system (EDAX). Parts of the samples
were embedded in epoxide resin, cut, and thinned by dimple grinding,
followed by Ar ion thinning (Gatan Duo-Mill). The kinematical
approximation was used for the calculation of electron diffraction
patterns (SAED, selected area electron diffraction) with the JEMS47

program package.
X-ray Powder Diffraction. Laboratory X-ray powder patterns for

the investigation of sample homogeneity and lattice parameter
determination were recorded using a Huber G670 Guinier camera
with fixed imaging-plate detector and automatic read-out system (Cu-
Kα1 radiation, Ge(111) monochromator, λ = 1.540 56 Å).
Representative parts of the samples were powdered and fixed on a
specimen holder with Mylar foil using hair-fixing spray.

Synchrotron powder diffraction data of samples in glass capillaries
(borate glass, 0.3 mm diameter, spun in order to enhance particle
distribution statistics) were acquired at Beamline ID 31 (ESRF,
Grenoble, France) using a Debye−Scherrer setup and an array of nine
point detectors with Si(111) analyzer crystals.48 Data were measured
in continuous scan mode and afterward merged, taking into account
the offset calibrated using a NIST Si 670c standard sample.49 The
latter was also used to precisely determine the wavelength of
0.354198(10) Å (35.004 keV) necessary for measurements far from
absorption edges. Energies near the K-absorption edges of Ag, Cd, In,
and Te were chosen slightly at the low-energy side of the edges (for
exact values, cf. Tables 1, 3, 5, and 7), which were determined
individually for each compound by fluorescence measurements (AXAS
10MM2, KETEK GmbH). Anomalous dispersion correction terms
were calculated from the characteristic X-ray fluorescence of the
respective element as a function of the wavelength of the incident
radiation, employing the Kramers−Kronig transform50 provided by the
program CHOOCH.51 Other dispersion correction terms were taken
from ref 52.
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Rietveld Refinements. Rietveld and Pawley fits were performed
with Topas Academic;53 reflection profiles were described using a
direct convolution approach with fundamental parameters and an
emission profile described by the combination of a Lorentzian and a
Gaussian function. Data measured at the K-edges of elements involved
and away from the edges were employed in order to elucidate the
element distribution in AgIn3Te5, Ag0.2Cd0.75In2.1Te4, AgIn5Te8, and
Ag0.25Cd0.5In2.25Te4 by joint refinements on all data sets. The off-edge
wavelength was fixed as determined from the Si standard sample. It
was used for the determination of precise lattice parameters and as a
reference for the refinement of the other wavelengths, which turned
out not to deviate more than 0.01% (typically a 3σ range) from the
ones calculated from the monochromator angle. The background of
each diffraction pattern was fitted by a set of 24 individual parameters
(shifted Chebychev function). Preferred orientation was taken into
account by spherical harmonics of the fourth grade with an individual
set of parameters for each diffraction pattern, which proved necessary,
as the degree of preferred orientation slightly depends on the region of
the capillary irradiated. Microstrain was considered by the convolution
of a Lorentzian and a Gaussian function for the refinements of
AgIn5Te8 and Ag0.25Cd0.5In2.25Te4; in the other refinements a
numerical model for anisotropic peak broadening was used.54

Refinements on laboratory data sets were carried out only for lattice
parameter determination. All diffraction patterns with the correspond-
ing Rietveld fits (AgIn3Te5: Figures S1−S4; Ag0.2Cd0.75In2.1Te4:
Figures S5−S9; AgIn5Te8: Figures S10−S13; Ag0.25Cd0.5In2.25Te4:

Figures S14−S18; Ag0.4Cd0.5In2.2Te4: Figure S19; Ag0.4Cd0.2In2.4Te4:
Figure S20; Ag0.3Cd0.4In2.3Te4: Figure S21; Ag0.2Cd0.6In2.2Te4: Figure
S22; Ag0.1Cd0.8In2.1Te4: Figure S23) as well as the results of
refinements under laboratory conditions (cf. Tables S2−S5) are
shown in the Supporting Information. Selected diffraction patterns are
shown in Figures 1, 3, 7, and 10. Further details of the crystal structure
determinations are available from the Fachinformationszentrum
Karlsruhe, D-76344 Eggenstein-Leopoldshafen (Germany), on quot-
ing the depository numbers CSD-429086 (AgIn3Te5), CSD-429085
(Ag0.2Cd0.75In2.1Te4), CSD-429088 (AgIn5Te8), and CSD-429087
(Ag0.25Cd0.5In2.25Te4) as well as the names of the authors and citation
of the paper (fax: +49-7247-808-666; e-mail: crysdata@fiz-karlsruhe.
de).

Physical Measurements and Band Gap Determination.
Seebeck coefficients and electrical resistivities of cuboid-shaped
samples (average dimension: 7 × 2.5 × 3 mm3) were measured with
a Linseis LSR-3 apparatus equipped with two K-type (Ni/CrNi)
thermocouples (average distance: 6 mm) and Ni electrodes under a
static He atmosphere. A current of 100 mA was applied to measure
two data points (merged afterward) in steps of 25 °C between 50 and
400 °C, applying a bipolar measurement series (i.e., inverting the
polarity of the electrodes) in high-resistance measurement mode. In
this two-point setup, the absolute value of the electrical conductivity is
almost unaffected by contact resistance due to the high resistivity of
the samples. The measured values are affected by a typical uncertainty
of 10%. The band gap was calculated using the Goldsmid−Sharp

Figure 1. Results of the joint Rietveld refinement for AgIn3Te5 = Ag0.8In2.4Te4 for wavelengths at the Ag-K, In-K, and Te-K edges as well as away
from them (cf. Table 1): vertical lines indicate calculated reflection positions; experimental (black) and calculated intensities (gray) as well as
difference plots (below; same intensity scale as the diffraction patterns) are shown (inset: enlargement of the high-angle region); enlarged patterns
are depicted in the Supporting Information (Figures S1−S4).
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method,55 Eg = 2eSmaxTmax, where S is the Seebeck coefficient, T the

temperature, and e the elemental charge, as well as from an Arrhenius

plot of the electrical conductivity in the temperature interval of

intrinsic semiconduction.

■ RESULTS AND DISCUSSION

General Aspects. All syntheses yielded single-phase
products according to their powder diffraction patterns, all of
which were fitted by the Rietveld method (see below and

Table 1. Crystallographic Data and Details of the Structure Refinement of AgIn3Te5 = Ag0.8In2.4Te4 at Room Temperature

Ag0.8In2.4Te4

formula mass (in g mol−1) 1744.51
cell parameters (in Å) a = 6.249 29(3), c = 12.499 88(9)
cell volume (in Å3) 488.166(6)
cryst syst/space group tetragonal/P4̅2c
X-ray density (in g cm−1) 5.93
formula units per unit cell 2
F(000) 726
params/thereof background 147/96
Rp (all data sets) 0.086
Rwp (all data sets) 0.114
GooF (all data sets) 1.80

away from edges Te-K edge In-K edge Ag-K edge
wavelength (in Å) 0.354 198(10)a 0.389 687(1) 0.443 758(1) 0.485 883(1)
energy (in keV) 35.00422 31.81637 27.93961 25.51731
measd reflns 515 551 551 565
absorp coeff μ (in mm−1) 16.5 12.3 8.4 7.2
2θ range (in deg) 3−30 3−34 3−39 3−43.5
sin ϑmax/λ in Å−1 0.73 0.75 0.75 0.75
Δf ′/Δf″ of the absorbing element −7.43/3.45 −8.13/1.86 −9.28/2.49
RBragg 0.033 0.029 0.029 0.034
Rp 0.089 0.078 0.078 0.104
Rwp 0.117 0.100 0.105 0.131
GooF 2.17 1.38 1.79 1.82

aValue determined using a Si standard sample (NIST 670c); other wavelengths refined.

Table 2. Atom Parameters of AgIn3Te5 = Ag0.8In2.4Te4 at Room Temperature: Atom Positions and Coordinates, Occupancy
Factors (Missing esd’s Are Due to Constraints), and Isotropic Displacement Parameters (Beq in Å2)

atom Wyckoff x y z occupancies Beq

Ag/In 2e 0 0 0 0.20(5)/0.73(6) 1.6(2)
Ag/In 2f 0.5 0.5 0 0.20(6)/0.71(7) 2.1(2)
Ag/In 2b 0.5 0 0.25 0.20(2)/0.24(2) 3.3(2)
Ag/In 2d 0 0.5 0.25 0.20/0.72 2.10(7)
Te 8n 0.265(2) 0.233(2) 0.13249(13) 1 2.46(2)

Figure 2. Occupancy factors for each position and bond lengths in the refined model of AgIn3Te5 = Ag0.8In2.4Te4 at 293 K; missing esd’s are due to
parameter constraints.
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figures in the Supporting Information). Annealing did not
change the patterns significantly. In the case of joint
refinements on resonant diffraction data, tentative refinements
did not hint at any kind of anti-site disorder. Therefore, full
occupancy of anion sites by Te was assumed, and the site
occupancies of all cations on all Wyckoff sites were refined,
constrained in a way that the overall composition meets the
sum formula. For each Wyckoff position, an individual isotropic
displacement parameter was refined.
The homogeneity of the bulk samples was further confirmed

by SEM or TEM EDX measurements, respectively, for
AgIn3Te5 (nominal : Ag11 . 1 In33 . 3Te55 . 6 ; measured:
Ag11.0(5)In33.8(4)Te55.3(3); SEM, average of 15 points),
Ag0.2Cd0.75In2.1Te4 (nominal: Ag2.8Cd10.6In29.8Te56.7; measured:
Ag4.4(5)Cd12.8(4)In28.3(9)Te54.6(12); TEM, average of 10 points),
AgIn5Te8 (nomina l : Ag7 . 1 In35 . 7Te57 . 1 ; measured :
Ag7.9(3)In36.0(2)Te56.2(3); SEM, average of 12 points), and
Ag0.25Cd0.5In2.25Te4 (nominal: Ag3.6Cd7.1In32.1Te57.1; measured:
Ag3.8(2)Cd7.9(2)In32.6(2)Te55.8(3); SEM, average of 12 points). In
nonrepresentative parts of the sample with the composition
Ag0.2Cd0.75In2.1Te4, however, a TEM investigation (cf. Figure
S24 in the Supporting Information) revealed small amounts of
a Ag-rich impurity phase (most likely Ag9In4), which does not
significantly contribute to the diffraction pattern.
Structure of AgIn3Te5 = Ag0.8In2.4Te4. The comparison of

Pawley and Rietveld refinements for AgIn3Te5 (= Ag0.8In2.4Te4,
which with Z = 2 corresponds to the unit cell content)
assuming different tetragonal and lower symmetries confirmed
the space group P4 ̅2c in accordance with an earlier structure
determination,27 which also relied on Rietveld refinements and
SAED patterns. In that study, In is assumed to occupy the
Wyckoff sites 2b (s.o.f. 0.4), 2d (s.o.f. 1), and 2f (s.o.f. 1),
whereas Ag is assumed to concentrate on 2e (s.o.f. 0.4). In the
present study, anomalous dispersion effects clearly reveal cation
disorder. The cation and vacancy distribution in AgIn3Te5 was
refined with the constraint imposed by the sum formula (for
other refinement details see the Experimental Section). Rietveld
profile fits for AgIn3Te5 are shown in Figure 1, and the results
of the refinements are given in Tables 1 and 2 as well as
represented in Figure 2.
The structure of AgIn3Te5 formally consists of an alternating

arrangement of anion and two different types of cation layers
stacked along [001]. Type A cation layers contain the Wyckoff
sites 2e and 2f, whereas type B layers contain the sites 2b and
2d. These layers are connected via Te atoms so that they form a
diamond-like network with tetrahedral coordination of all atom
sites. The element distribution on the positions 2e, 2f, and 2d is
very similar to ∼70% In and ∼20% Ag, whereas position 2b
contains equal amounts of In and Ag in addition to the majority
of vacancies (56%). These findings are supported by bond-
valence sums (BVS, calculated with the program VALIST56

using bond-valence parameters taken from ref 57, cf. Table S6
and Figure S26). The BVS of the Te site amounts to 2.6(2) and
matches the expected value of 2 (the individual valence
contributions were weighted with the occupancy factors of the
respective cations, and the standard deviation was estimated
from those of the occupancy factors and bond lengths). The
atomic displacement parameters of the cations are in the same
range for positions 2e, 2f, and 2d, while the higher value for
position 2b (3.3(2) Å2) is probably due to the different
occupancies and the high vacancy concentration. The vacancies
on 2b involve a shift of the neighboring Te atoms toward this
position, as evidenced by a shorter bond length to neighboring

Te atoms compared to the other cation−tellurium bond
lengths (cf. Figure 2). As a consequence, cation-centered
tetrahedra are distorted with bond angles between 106.09° and
116.0°. AgInTe2, in comparison, has no vacancies and is
ordered, which results in longer Ag−Te (2.8045 Å) and shorter
In−Te (2.7402 Å) bond lengths and angles closer to the ideal
tetrahedral angle (108.5−111.4°).58

Ag0.2Cd0.75In2.1Te4: An Example from the Solid
Solution Series (CdIn2Te4)x(Ag0.8In2.4Te4)1−x. Compounds
of the solid solution (CdIn2Te4)x(Ag0.8In2.4Te4)1−x show a
Vegard-like behavior of the lattice parameters for compounds
with x > 0.5 (cf. Figure S25 in the Supporting Information in
combination with results of Rietveld refinements of
Ag0.4Cd0.5In2.2Te4, i.e., x = 0.5, from laboratory diffraction
data, cf. Figure S19 and Tables S4 and S5). A complete solid
solution is not expected, as the end members exhibit
nonisotypic structures with different space groups
(Ag0.8In2.4Te4 = AgIn3Te5: P4̅2c; CdIn2Te4: I4 ̅2m). CdIn2Te4
has recently been shown to crystallize in the HgCu2I4 structure
type, a defect variant of the chalcopyrite type, with disordered
cations and 25% cation vacancies.35 A structure model for
Ag0.2Cd0.75In2.1Te4 was established after tentative refinements
using the Pawley and Rietveld methods, the latter with various
reasonable structural models with different symmetries. In
addition to a completely disordered model (sphalerite type,
F4 ̅3m), the structure models of the end members CdIn2Te4 and
Ag0.8In2.4Te4 were taken into account. Based on group−
subgroup relationships starting from I4 ̅2m, the space groups I4 ̅,
I222, Fmm2, C2, and Cm were tested, as well as P4 ̅, P222, Ccc2,
P2, and Cc starting from P4 ̅2c. No significant deviation from
tetragonal symmetry was evident, neither concerning the lattice
parameters nor the atom positions. The Vegard-like behavior
further indicates that the structure type of the end member
CdIn2Te4 with the space group I4 ̅2m is retained. Thus, the
model was modified in a way that all cations share all cation
positions (tentative refinements indicated no vacancies on these
positions). In addition, the Wyckoff site 2b (1/2 1/2 0), which
is not occupied in CdIn2Te4, was allowed, as Ag0.2Cd0.75In2.1Te4
exhibits fewer (23.75%) cation vacancies than CdIn2Te4 (25%).
This is corroborated by difference Fourier syntheses showing
significant electron density. All positions except 2b turned out
to be fully occupied. Tentative refinements indicated that the
site 2b is most likely occupied by Ag; however, due to the low
occupancy, other elements cannot be excluded but were not
taken into account in the refinement. The results of the
refinement are shown in Figure 3 as well as Tables 3 and 4. The
structure is visualized in combination with site occupancies in
Figure 4.
The structure of Ag0.2Cd0.75In2.1Te4 may formally be

described as a stacking of anion and cation layers along
[001]. Whereas the former belong to one Wyckoff site (8i), the
latter alternatingly correspond to Wyckoff sites 4d (type B) and
2a and 2b (type A), respectively. The element distribution on
4d and 2a is similar (cf. Figure 4), while the high vacancy
concentration in 2b corresponds to the unoccupied position in
CdIn2Te4. Cd and In are uniformly distributed in both
CdIn2Te4 and Ag0.2Cd0.75In2.1Te4, which results in a similar
charge distribution in both compounds.35 The bond lengths are
shorter if they involve the vacancy-containing position 2b; that
is, Te atoms are displaced toward the vacancies. The tetrahedra
around cations are slightly distorted with bond angles ranging
between 103.62° and 119.50°.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.5b00433
Inorg. Chem. 2015, 54, 5745−5756

5749

http://dx.doi.org/10.1021/acs.inorgchem.5b00433


Structure of AgIn5Te8 = Ag0.5In2.5Te4. Previous inves-
tigations reported the space group I4 ̅ or P4 ̅2m for AgIn5Te8
(=Ag0.5In2.5Te4); however, no unequivocal evidence was
given.9,17−19 The reflection condition for body centering (h +
k + l = 2n) was analyzed in a diffraction pattern measured at the
Ag-K absorption edge (cf. Figure 5), i.e., with enhanced
scattering contrast. In a simulated pattern assuming the space
group P4̅2m (model taken from ref 19), the reflections 205,

223, 311, and 313 are clearly visible and do not overlap with
reflections with h + k + l = 2n. As none of these reflections were
observed, body-centered structure models (I4̅, I4 ̅2m), which
were reported for compounds with defect chalcopyrite-type
structures, were tested in tentative joint refinements with data
measured at the K absorption edges. No evidence for
symmetries lower than I4 ̅2m was found, and even ortho-
rhombic or lower symmetries yielded no improvement. These
findings were verified by comparing SAEDs with simulated
ones (cf. Figure 6). For zone axes [22̅1] and [011], no
reflections break the reflection condition h + k + l = 2n.
As the situation is comparable to that of CdIn2Te4, which

exhibits the same anion/cation ratio as AgIn5Te8, a HgCu2I4-
type model35 was modified in a way that all cations share all
Wyckoff sites. The refinement (cf. Figure 7) is satisfactory, and
no significant residual electron density was detected in
difference Fourier maps. The results of the refinement are
given in Figure 8 (bold face type) as well as Tables 5 and 6.
In the HgCu2I4-type structure of AgIn5Te8 (= Ag0.5In2.5Te4),

the cation layers (see above) correspond to the Wyckoff sites
4d and 2a (plus vacancies), respectively. There is a slight
preference of Ag on position 2a (0.193) compared to 4d
(0.153), which is comparable to the cation distribution in
CdIn2Te4

19 The bond length is slightly shorter for 4d−8i
(2.7826(9) Å) than for 2a−8i (2.7982(8) Å), which is most
likely due to 4d bearing more In3+, which has a smaller ionic
radius (0.76 Å) than Ag+ (1.14 Å).59 The angles in the distorted
cation-centered tetrahedra range between 104.0° and 119.5°.

Solid Solution Series (CdIn2Te4)x(Ag0.5In2.5Te4)1−x and
the Structure of Ag0.25Cd0.5In2.25Te4. There is a complete
solid solution (CdIn2Te4)x(Ag0.5In2.5Te4)1−x (1 ≥ x ≥ 0),
which shows a Vegard-like behavior of the lattice parameters
(cf. Figure 9). The determination of the element distribution

Figure 3. Results of the joint Rietveld refinement for
Ag0.2Cd0.75In2.1Te4, exemplarily shown for the data set at
0.389 618(1) Å (i.e., at the Te-K edge); vertical lines indicate
calculated reflection positions, experimental (black) and calculated
intensities (gray) as well as difference plots (below; same intensity
scale as the diffraction patterns) are shown (inset: enlargement of the
high-angle region); further enlarged patterns for all five data sets used
are given in the Supporting Information (Figures S5−S9).

Table 3. Crystallographic Data and Details of the Structure Refinement of Ag0.2Cd0.75In2.1Te4 at Room Temperature

Ag0.2Cd0.75In2.1Te4

formula mass (in g mol−1) 857.07
cell params (in Å) a = 6.226 87(1), c = 12.474 48(3)
cell volume (in Å3) 483.684(2)
cryst syst/space group tetragonal/I4 ̅2m
X-ray density (in g cm−1) 5.89
Z 2
F(000) 712.6
params/thereof background 207/120
Rp (all data sets) 0.086
Rwp (all data sets) 0.120
GooF (all data sets) 2.58

away from edges Te-K edge In-K edge Cd-K edge Ag-K edge
wavelength (in Å) 0.354 198(10)a 0.389 618(1) 0.443 662(1) 0.464 100(1) 0.485 787(1)
energy (in keV) 35.00422 31.82200 27.94565 26.71499 25.52235
measd reflns 283 299 300 301 310
absorp coeff μ (in mm−1) 15.6 18.0 13.5 7.8 6.8
2θ range (in °) 3−30 3−34 3−39 3−41 3−43.5
sin ϑmax/λ in Å−1 0.73 0.75 0.75 0.75 0.76
Δf ′/Δf″ of the absorbing element −7.96/2.53 −9.63/2.42 −9.49/2.27 −9.16/1.89
RBragg 0.052 0.026 0.036 0.033 0.030
Rp 0.095 0.067 0.073 0.095 0.094
Rwp 0.142 0.089 0.105 0.127 0.120
GooF 3.85b 1.63 2.46 2.46 2.33

aValue determined using a Si standard sample (NIST 670c); other wavelengths refined. bLower sample quality than at other wavelengths (coarse
powder).
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based on anomalous dispersion at K-absorption edges proved
successful for x = 0.5 assuming the HgCu2I4 type (I4̅2m) with
completely ordered vacancies formed by the end members
AgIn5Te8 (= Ag0.5In2.5T4; see above) and CdIn2Te4.

19 Again,
lower symmetries yielded no improvement, and difference
Fourier syntheses revealed no significant electron density on
possible additional positions. The result of the refinement is
shown in Figures 8 (italic type) and 10 as well as Tables 7 and
8.
The element distribution is very similar to that in AgIn5Te8,

Cd replacing both Ag in In with little preference for any of the
cation sites, similar to its behavior in CdIn2Te4.

19 Thus, the
local charge balance remains the same as in the end members of
the solid solution. Like in AgIn5Te8 (see above), the bond
length 2a−8i (2.8084(3) Å) is slightly longer than 4d−8i
(2.7970(3) Å). These bond lengths are closer to the

Table 4. Atom Parameters of Ag0.2Cd0.75In2.1Te4 at 293 K: Atom Positions and Coordinates, Occupancy Factors, and Isotropic
Displacement Parameters (Beq in Å2)

atom Wyckoff x y z occupancies Beq

Ag/Cd/In 2a 0 0 0 0.097/0.249/0.653 1.69(4)
Ag/Cd/In 2b 0.5 0.5 0 0.050/0/0 1.47a

Ag/Cd/In 4d 0 0.5 0.25 0.026(7)/0.250/0.723(7) 1.26(2)
Te 8i 0.27620(6) = x 0.11370(10) 1 1.21(2)

aAverage value of those for positions 2a and 4d.

Figure 4. Occupancy factors for each position and bond lengths in the refined model of Ag0.2Cd0.75In2.1Te4 at room temperature; missing esd’s are
due to parameter constraints; 2a and 4d contain no significant amount of vacancies.

Figure 5. Comparison of an experimental powder diffraction pattern
of AgIn5Te8 at the Ag-K edge (black) with a simulated one with
ordered cations and vacancies in P4̅2m19 (below; gray): reflections
with h + k + l ≠ 2n (indicated by gray hkl indices) are systematically
absent due to body centering (theoretical reflection positions are
indicated by vertical lines at the bottom).

Figure 6. Comparison of experimental SAED patterns of AgIn5Te8 =
Ag0.5In2.5Te4 along the [22̅1] (top) and [011] (bottom) zone axes
with simulated ones for a structure model with space groups I4 ̅2m (cf.
Table 6) (left); additional reflection positions for P4̅2m are indicated
by gray squares; representative reflections are indexed.
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corresponding ones in CdIn2Te4 than to those in AgIn5Te8.
The cation coordination tetrahedra are rather distorted with
bond angles between 103.52° and 120.23°.
Physical Properties. Chalcopyrite-related materials are

semiconductors, which are often strongly compensated, and
therefore exhibit low electrical conductivities. The electrical
band gap of compounds from the solid solution series
( C d I n 2 T e 4 ) x ( A g 0 . 5 I n 2 . 5 T e 4 ) 1 − x a n d
(CdIn2Te4)x(Ag0.8In2.4Te4)1−x was derived from the slope of
the logarithmic electrical conductivity σ versus the inverse
absolute temperature (Arrhenius plot) in the intrinsic region of
the semiconduction (cf. Figure 11, top) and compared with
values determined from the trend of the Seebeck coefficient (cf.
Figure 11 bottom) by Goldsmid and Sharp’s method, an
approximation that is often useful and can yield values with a
reliability of about 20%.55 All samples investigated exhibit low
electrical conductivities of ca. 1 S/m. The Arrhenius plot

displays the extrinsic region (∼3.1−2.5 1000/K; ∼50−130 °C),
where there is no pronounced temperature dependence of σ,
followed by the intrinsic region (∼2.4−1.9 1000/K; ∼150−250
°C) and, at higher temperatures, reaching saturation and
therefore an almost temperature-independent σ. The Seebeck
coefficients are negative and exhibit extrema at intermediate
temperatures. Thus, all compounds show bipolar effects and are
n-type semiconductors.
In the solid solution (CdIn2Te4)x(Ag0.5In2.5Te4)1−x (Figure

11 left), x has little influence on the Seebeck coefficients. They
exhibit a peak value of ∼−730 μV/mK for Ag0.4Cd0.2In2.4Te4 (x
= 0.2) and Ag0 . 1Cd0 . 8 In2 . 1Te4 (x = 0.8) , whi le
Ag0.25Cd0.5In2.25Te4 (x = 0.5) exhibits a peak value of ∼−630
μV/mK and a slightly different slope. Therefore, Eg values
calculated from the Seebeck coefficients55 are rather similar for
Ag0.4Cd0.2In2.4Te4 (x = 0.2) and Ag0.1Cd0.8In2.1Te4 (x = 0.8) but
lower for Ag0.25Cd0.5In2.25Te4 (x = 0.5), as shown in Table 9. Eg
values determined from the Arrhenius plot are lower and
decrease from 0.47 eV for Ag0.5In2.5Te4 to 0.29 for
Ag0.1Cd0.8In2.1Te4 (x = 0.8), whereas a much higher value of
1.37 eV was reported for CdIn2Te4.

32 This is most likely due to
the more covalent bonding character of CdIn2Te4, which results
in a rather large band gap.
In the case of (CdIn2Te4)x(Ag0.8In2.4Te4)1−x, Eg values

determined differ strongly for the two methods (cf. Table 9).
Yet, the Eg calculated from the Seebeck coefficients of
Ag0.2Cd0.75In2.1Te4 is probably rather imprecise as the
extremum is very flat (x = 0.75; ∼−300 μV/mK). Probably,
the assumptions of Goldsmid and Sharp’s method are not valid
for these compounds.

■ CONCLUSION

Both the lacking scattering contrast in chalcopyrite-related Cd/
Ag/In tellurides and unsolved problems concerning their
symmetry could be overcome by the analysis of X-ray powder
diffraction patterns collected at K-absorption edges of Ag, Cd,
In, and Te in combination with electron diffraction. In the solid
solution (CdIn2Te4)x(Ag0.8In2.4Te4)1−x, the different structure
types of the end members lead to a miscibility gap for x < 0.5. It
is a general trend that vacancies tend to order while cations
remain disordered. Te atoms move toward the vacancies. In the

Figure 7. Results of the joint Rietveld refinement for AgIn5Te8 =
Ag0.5In2.5Te4, exemplarily shown for the data set at 0.389 712(1) Å
(i.e., at the Te-K edge); vertical lines indicate calculated reflection
positions; experimental (black) and calculated intensities (gray) as well
as difference plots (below; same intensity scale as the diffraction
patterns) are shown; enlarged patterns are shown in the Supporting
Information (Figures S10−S13).

Figure 8. Occupancy factors and bond lengths in the refined model of AgIn5Te8 = Ag0.5In2.5Te4 (bold face type) and Ag0.25Cd0.5In2.25Te4 (italic type)
at room temperature; missing esd’s are due to parameter constraints.
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end member AgIn3Te5 = Ag0.8In2.4Te4, vacancies concentrate
on position 2b (60%) and are mixed with equal amounts of Ag
and In, while all other positions exhibit only small amounts of
vacancies (∼10%) and the majority of In. This arrangement
means that the anions are uniformly surrounded by cations and
the vacancies are ordered on one special position where cations

would exhibit unfavorably high bond-valence sums. The small
amount of vacancies on the remaining positions is compensat-

Table 5. Crystallographic Data and Details of the Structure Refinement of AgIn5Te8 = Ag0.5In2.5Te4 at Room Temperature

Ag0.5In2.5Te4

formula mass (in g mol−1) 851.83
cell params (in Å) a = 6.203 68(1), c = 12.432 58(4)
cell volume (in Å3) 478.476(2)
cryst syst/space group tetragonal/I4 ̅2m
X-ray density (in g cm−1) 5.91
formula units per unit cell 2
F(000) 708
params/thereof background 154/96
Rp (all data sets) 0.052
Rwp (all data sets) 0.072
GooF (all data sets) 1.55

away from edges Te-K edge In-K edge Ag-K edge
wavelength (in Å) 0.354 198(10)a 0.389 712(1) 0.443 719(1) 0.485 899(1)
energy (in keV) 35.004 22 31.814 32 27.942 06 25.516 47
measd reflns 276 297 298 310
absorp coeff μ (in mm−1) 16.5 12.1 8.0 6.9
2θ range (in deg) 3−30 3−34 3−39 3−43.5
sin ϑmax/λ in Å−1 0.73 0.75 0.75 0.76
Δf ′/Δf″ of the absorbing element −8.12/2.43 −8.45/2.43 −8.52/2.02
RBragg 0.022 0.017 0.018 0.022
Rp 0.058 0.050 0.050 0.067
Rwp 0.076 0.063 0.065 0.085
GooF 1.86 1.36 1.56 1.47

aValue determined using a Si standard sample (NIST 670c); other wavelengths refined.

Table 6. Atom Parameters of AgIn5Te8 = Ag0.5In2.5Te4 at Room Temperature: Atom Positions and Coordinates, Occupancy
Factors, and Isotropic Displacement Parameters (Beq in Å2)

atom Wyckoff x y z occupancies Beq

Ag/In 2a 0 0 0 0.194/0.806 1.87(3)
Ag/In 4d 0 0.5 0.25 0.153/0.847(4) 1.59(2)
Te 8i 0.27546(5) =x 0.11345(12) 1 1.41(2)

Figure 9. Vegard behavior of the lattice parameters of
(CdIn2Te4)x(Ag0.5In2.5Te4)1−x, namely, AgIn5Te8 = Ag0.5In2.5Te4 (x =
0), Ag0.4Cd0.2In2.4Te4 (x = 0.2), Ag0.3Cd0.4In2.3Te4 (x = 0.4),
Ag0.25Cd0.5In2.25Te4 (x = 0.5), Ag0.2Cd0.6In2.2Te4 (x = 0.6),
Ag0.1Cd0.8In2.1Te4 (x = 0.8), and CdIn2Te4 (x = 1) (some lattice
parameters taken from laboratory data sets; cf. Tables S2 and S3 and
Figures S19−S23 in the Supporting Information).

Figure 10. Results of the joint Rietveld refinement for
Ag0.25Cd0.5In2.25Te4, exemplarily shown for the data set at
0.354 198(10) Å (i.e., away from the edges); vertical lines indicate
calculated reflection positions; experimental (black) and calculated
intensities (gray) as well as difference plots (below; same intensity
scale as the diffraction patterns) are shown (enlarged patterns for all
wavelengths used are depicted in the Supporting Information, Figures
S14−S18).
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ing the anions that are facing additional Ag atoms on one side.
The space group P4 ̅2c was correctly determined in previous
studies;27 however, the assumed ordered element distribution is
not confirmed by resonant X-ray diffraction. Long-range order
was not observed, but it appears likely that there is a certain
degree of short-range order within domains sized smaller than
the X-ray’s length of coherence. Ag0.2Cd0.75In2.1Te4 (x = 0.75)
exhibits a comparable tendency toward vacancy ordering in the
HgCu2I4 structure type of the end member CdIn2Te4.

35 The
cations are uniformly distributed, and the vacancy positions of
CdIn2Te4 are partially filled in solid solutions with higher
cation/anion ratio. Ag0.5In2.5Te4 and Ag0.25Cd0.5In2.25Te4 (x =
0.5), which are members of the solid solution series
(CdIn2Te4)x(Ag0.5In2.5Te4)1−x, also exhibit HgCu2I4-type struc-
tures with completely ordered vacancies and disordered cations.
As the cation/anion ratio is constant, no vacancies are filled
when x is changed.
The differences between the band gaps Eg calculated from

the electrical conductivites and the Seebeck coefficients,
respectively, are most likely due to the fact than the
approximations presumed by Goldsmid and Sharp55 are not
valid in this case. This method assumes that the carriers’
effective mass is isotropic and that they uniformly populate the
band extrema (nondegenerate approximation). The Seebeck
coefficient is considered to be a function of the Fermi level.

Classical statistics yield two solutions for n- and p-type
conduction, respectively. The majority to minority weighted
mobility ratio depends on the ratio of their two effective
masses. If it differs significantly from 1 or if S significantly
exceeds ∼150 μV/K, the approximation may become
unrealistic.61 Values for Eg determined from the temperature
dependence of the electrical conductivity indicate that the effect
of the doping level is rather pronounced. The band gaps are
smaller than those of other chalcopyrite-related compounds
such as AgGaTe2 (Eg = 1.15 eV) or CuInTe2 (Eg = 0.98 eV).7

Although the compounds investigated in this study exhibit a
high S of up to −730 μV/K, comparable to other promising
compounds such as Ag10Te4Br3

62 or AgBiSe2,
63 relevant

thermoelectric properties require further optimization as the
electrical conductivity is still very low, probably due to the
compensation of charge carriers and holes or a very low carrier
mobility. Yet, chalcopyrite-related compounds with such rather
low conductivities may be interesting materials for solar cell
materials, as suggested for (CdIn2Te4)x(Ag2In2Te4)1−x with x ≤
0.53, where optical band gaps between 0.95 and 1.13 eV were
reported.31 The knowledge of the element distribution in such
compounds is important for theoretical calculations, which
might be useful to predict stable configurations as well as
explain the trends of physical properties. The present study

Table 7. Crystallographic Data and Details of the Structure Refinement of Ag0.25Cd0.5In2.25Te4 at Room Temperature

Ag0.25Cd0.5In2.25Te4

formula mass (in g mol−1) 851.92
cell params (in Å) a = 6.213 42(1), c = 12.456 43(1)
cell volume (in Å3) 480.900(3)
cryst syst/space group tetragonal/I4 ̅2m
X-ray density (in g cm−1) 5.88
formula units (per unit cell) 2
F(000) 708
params/thereof background 192/120
Rp (all data sets) 0.078
Rwp (all data sets) 0.099
GooF (all data sets) 1.40

away from edges Te-K edge In-K edge Cd-K edge Ag-K edge
wavelength (in Å) 0.354 198(10)a 0.389 746(1) 0.443 785(1) 0.464 163(1) 0.485 919(1)
energy (in keV) 35.004 22 31.811 55 27.937 91 26.711 36 25.515 42
measd reflns 279 297b 297b 299b 309b

absorp coeff μ (in mm−1) 16.4 11.7 8.3 6.9 6.8
2θ range (in °) 3−30 3−34 3−39 3−41 3−43.5
sin ϑmax/λ in Å−1 0.73 0.75 0.75 0.75 0.76
Δf ′/Δf″ of the absorbing element −8.17/2.62 −7.42/1.03 −9.72/2.65 −8.44/2.12
RBragg 0.033 0.068 0.039 0.044 0.042
Rp 0.076 0.065 0.073 0.093 0.095
Rwp 0.099 0.082 0.092 0.114 0.117
GooF 1.61 1.26 1.52 1.33 1.30

aValue determined using a Si standard sample (NIST 670c); other wavelengths refined. bThe 112 reflection (which is the strongest) is probably
affected by dead-time problems of the detector. An approach to implement an extinction correction (similar to the one in SHELXL60) yielded no
significant improvement. Therefore, the reflection was excluded from the refinement for the data sets measured at the K-absorption edges.

Table 8. Atom Parameters of Ag0.25Cd0.5In2.25Te4 at Room Temperature: Atom Positions and Coordinates, Occupancy Factors,
and Isotropic Displacement Parameters (Beq in Å2)

atom Wyckoff x y z occupancies Beq

Ag/Cd/In 2a 0 0 0 0.094/0.177/0.729 1.560(14)
Ag/Cd/In 4d 0 0.5 0.25 0.078(3)/0.162/0.760(3) 1.318(9)
Te 8i 0.27711(3) =x 0.11233(4) 1 1.143(10)
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shows that calculations for simplified ordered models may not

well describe the actual situation that is dominated by disorder.
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