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We report calculations of the electronic structure, vibrational properties, and transport for the p-type
semiconductors, SrAgChF (Ch = S, Se, and Te). We find soft phonons with low frequency optical branches
intersecting the acoustic modes below 50 cm−1, indicative of a material with low thermal conductivity. The bands
at and near the valence-band maxima are highly two-dimensional, which leads to high thermopowers even at high
carrier concentrations, which is a combination that suggests good thermoelectric performance. These materials
may be regarded as bulk realizations of superlattice thermoelectrics.
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I. INTRODUCTION

Thermoelectrics enable direct solid state conversion of
thermal and electrical energy [1,2]. They are widely used in
spacecraft power and in terrestrial cooling and may have wide
applications in energy technologies such as waste heat recov-
ery if their efficiencies can be improved [3]. The efficiency that
can be achieved is limited by the properties of the available
thermoelectric materials, and in particular a dimensionless, but
temperature dependent figure of merit ZT = σS2T/κ , where
σ is the electrical conductivity, T is the absolute temperature,
S is the Seebeck coefficient, also known as the thermopower,
and κ is the thermal conductivity. Besides applications, finding
high ZT is an interesting fundamental problem because it
requires obtaining a contraindicated combination of transport
properties, e.g., high electrical conductivity with low thermal
conductivity, and high thermopower with high conductivity.
Approaches that have been used effectively to discover new
high-ZT thermoelectrics include approaches focusing on ther-
mal conductivity and those emphasizing electronic transport.
Thermal conductivity has been addressed via phonon engineer-
ing, e.g., via rattling ions [4] and nanostructuring [5,6] among
other approaches. Electronic transport has involved complex
dopants, interfaces [7], dimensional reduction in nanostruc-
tured materials [8], and unusual electronic structures [9,10].

Dimensional reduction is among the most influential
concepts in thermoelectrics. This originated with Hicks and
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Dresselhaus [8]. They showed that the electronic properties
could be enhanced by putting thermoelectric materials in
superlattice structures with insulating barrier layers and that
the improvement is largest for the shortest-period superlattices.
This stimulated a large body of subsequent work on nanos-
tructured thermoelectrics including work utilizing interface
phonon scattering to increase the figure of merit [11,12]
and showing that low-dimensional electronic features leading
to enhanced performance can occur in three-dimensional
materials as well [10]. Nonetheless, it has proved challenging
to use these ideas to develop practical high performance
thermoelectric materials. This is partly because of the obvious
difficulty of using superlattices in a bulk application, but also
because of more fundamental reasons. Barrier layer materials
that can be readily grown in superlattices with thermoelectrics
tend to have modest band gaps, and therefore the barrier layers
must be relatively thick before the dimensional reduction
is effective. However, while low thermal conductivity is
important for thermoelectric performance, both the barrier and
active layers will contribute to the heat conduction.

An alternate approach may be the use of crystals that
naturally have the features of superlattices, such as near-
two-dimensional electronic structures. In this regard, it is
noteworthy that the best performing oxide thermoelectric is
p-type NaxCoO2 [13], which has a very two-dimensional
electronic structure [14]. Hosono and co-workers [15] have
pioneered the use of charged layers in crystal chemistry to
design layered compounds for transparent conductors and high
temperature superconductors [16]. This approach, which is
a generalization of the Zintl chemistry, consists of building
compounds out of charge compensating layers, specifically a
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FIG. 1. (Color online) (a) Crystal structure and (b) charge density of SrAgSF along (202) direction.

stable cationic layer, e.g., SrF or LaO, and an anionic functional
layer, e.g., FeAs, to make compounds like LaFeAsO [16] or
SrFeAsF [17]. Key to this is the strong affinity of atoms in
the cationic layer (La-O, Sr-F) for each other, and the fact that
the anionic and cationic layers are bound into the structure
by Coulomb interactions. This typically yields remarkably
stable materials, with good mechanical properties. On the other
hand, this strong cohesion can also lead to three-dimensional
electronic properties even though structurally the compounds
are layered.

Returning to thermoelectrics, this chemistry potentially
provides a scheme for making bulk layered thermoelectric
materials separated by thin strongly insulating barrier lay-
ers, while maintaining chemical stability. Furthermore, with
judicious choice of barriers, it may be possible to design
compounds with strong phonon scattering. Here, we present
electronic structure and transport calculations for SrAgChF,
Ch = S, Se, Te, which are examples of such compounds. They
consist of anionic AgCh layers, related to the thermoelectrics
Ag2Se and Ag2Te [18–21] and Ag containing chalcopyrites,
such as AgGaTe2 [22,23], with intervening SrF layers. We
find that indeed the materials are electronically rather two-
dimensional in their valence-band structures in accord with
prior work by Banikov and co-workers [24] and that this is
reflected in the transport, effectively a natural superlattice of
AgCh thermoelectric. This two-dimensionality results in very
favorable electronic properties for a thermoelectric.

II. METHODOLOGY

We did transport calculations based on the electronic
structures as calculated using the full potential linearized
augmented plane-wave (FLAPW) method as implemented in
the WIEN2K code [25]. The crystal structure of SrAgChF (Ch

= S, Se, Te) is tetragonal with the space group P 4/nmm

[26], and may be viewed as alternating blocks of [SrF]
and [AgCh] as shown in Fig. 1(a). The structure consists

of four inequivalent atomic positions Sr at 2c site (1/4,
1/4, ZSr), F at 2a site (3/4, 1/4, 0), Ag at 2b site (3/4,
1/4, 1/2), and chalcogen at 2c site (1/4,1/4 ZCh), where
ZSr and ZCh are the internal co-ordinates of Sr and the
chalcogen, respectively. We optimized the structures using
the generalized gradient approximation of Perdew, Burke,
and Ernzerhof (PBE) [27]. The resulting structures are given
in supplementary Table I. We then did electronic structure
calculations using these optimized structures. For this purpose
we used the Tran-Blaha modified Becke-Johnson potential
(TB-mBJ) [28]. This functional yields improved band gaps
compared to the PBE and related functionals [29,30]. This
can be important for an accurate description of electronic
transport. These calculations were done self-consistently and
included spin-orbit interaction (SOC). The transport properties
of SrAgChF were obtained using semi-classical Boltzmann
transport theory as implemented in the BOLTZTRAP code [31]
with rigid bands and the constant scattering time (τ ) approx-
imation. The TB-mBJ potential functional is optimized to
reproduce the band gaps of semiconductors and insulators and
cannot be used for energies and structural properties. For the
phonon and elastic properties, we used the PBE-GGA, which
is a well-tested energy functional. The phonon dispersion
calculations were performed within the framework of density
functional perturbation theory (DFPT) as implemented in the
plane wave self-consistent field (PW-scf) [32]. In addition, we
have computed the elastic properties and analysed the nature
of bonding using the plane wave pseudopotential method as
implemented in CASTEP [33,34]. We cross-checked the results
by comparing with elastic constants obtained using WIEN2K

and obtained close agreement.

III. RESULTS AND DISCUSSION

A. Electronic band structure

We start with the electronic structure. The calculated band
structures for all the investigated compounds are presented in
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TABLE I. Thermopower, electrical conductivity, and power factor of SrAgChF for carrier concentrations of 1019 and 1020 cm−3 at 700 K.

concentration (cm−3) 1019 1020

carriers nh ne nh ne

Direction a c a c a c a c

SrAgSF S(μV/K) 554 662 339 317 355 465 162 130
(σ/τ ) × 1017(� ms)−1 1.49 0.03 4.95 3.05 14.68 0.28 46.34 26.25

(S2σ/τ ) × 1011(W/mK2s) 0.46 0.01 0.57 0.31 1.85 0.06 1.22 0.45

SrAgSeF S(μV/K) 514 650 306 297 451 319 132 119
(σ/τ ) × 1017(� ms)−1 2.10 0.02 6.08 4.38 20.51 0.23 55.56 38.19

(S2σ/τ ) × 1011(W/mK2s) 0.56 0.01 0.57 0.39 4.18 0.024 0.98 0.54

SrAgTeF S(μV/K) 437 593 282 281 243 396 117 111
(σ/τ ) × 1017(� ms)−1 3.51 0.009 6.86 5.38 33.84 0.10 59.74 46.34

(S2σ/τ ) × 1011(W/mK2s) 0.67 0.003 0.55 0.43 2.01 0.02 0.82 0.58

Fig. 2. The corresponding densities of states (DOS) are given
in Fig. 2(e). The general band shapes of all the compounds
are similar. The Sr-F layers are clearly ionic (see Ref. [35],
Table III). As may be seen in the density of states, the F
2p bands are at a high binding energy, several eV below
the valence-band maximum (VBM). The VBM comes from
hybridized Ag-d and Ch-p states. This makes the valence
bands relatively heavy. The calculated band masses are given
in supplementary Table II of Ref. [35]. This suggests the
possibility of good thermoelectric performance in analogy
with other semiconductors with monovalent Ag. However, the
details of the transport depend on the band dispersions. We
note that the effect of SOC on the bands is not negligible for
these compounds. We find a substantial SOC induced lifting of
the degeneracy of the bands at the � point as compared to the
results of Bannikov et al. [24]. The SOC splitting is found to
be 31 meV for S, 129 meV for Se, and 330 meV for Te. These
are sizable on the scale of kT , for temperatures of interest
and are also a little higher than found in the Cu-based 1111
family, BaCuChF [36]. The VBM and the conduction-band
minimum (CBM) are both located at the center of the Brillouin
zone, i.e., � point, making the investigated compounds direct-
band-gap semiconductors. The band-gap values are found to
vary nonmonotonously from S to Te. An interesting feature
to note is the presence of quasiflat valence bands along the
�-Z, R-X, and M-A directions of the Brillouin zone [see
Fig. 2(d)] along with the highly dispersive bands in the other
high symmetry directions. Thus, from an electronic structure
point of view, these are very two-dimensional compounds.
Importantly, the two top valence bands in all three compounds
are extremely flat along the �-Z direction. This is also reflected
in the effective masses given in Table II of Ref. [35] and also
in the charge density plots shown in Fig. 1(b), where the intra
layer bonding in the Ag-chalcogen block is of mixed ionic
and covalent nature, while the inter layer bonding between the
SrF and AgCh blocks is predominantly ionic (see Table III of
Ref. [35]). It is this ionic character that leads to the effectively
two-dimensional electronic structure. In particular, the Sr and
F atoms do not contribute to states near the valence-band
maximum, and therefore hopping through orbitals on these
atoms is suppressed and the c-axis dispersion of the upper
valence bands is very small. On the other hand, the conduction
bands show significant dispersion for k-vector variation along

the tetragonal axis, i.e., the virtues of two-dimensionality
with respect to thermoelectric performance are likely more
dominant for p-type doping than for n-type doping.

B. Thermoelectric properties

Turning to the thermoelectric properties, we present data
up to 900 K in the carrier concentration range 1 × 1018 to
1 × 1021 cm−3 for both electrons and holes. We note that in
analogy with other monovalent Ag compounds, it is clear
that the material should form good p-type thermoelectric.
Therefore we focus the discussion on p type although for
comparison we give results for n type. The main results
for the electronic transport of SrAgSF are given in Fig. 3.
which show the n-type and p-type thermopowers for SrAgSF
[the electronic transport results of SrAgSeF (see Fig. 1) and
SrAgTeF (see Fig. 2) are shown in Ref. [35]). The figures
show the in plane and c-axis thermopowers, S, and transport
functions σ/τ (σ is the conductivity, and τ is the inverse
scattering rate). First of all, there is a very strong anisotropy
of ∼102 in σ/τ , and therefore also σ , for p-type transport,
with a smaller anisotropy for n type. Thus, particularly for
p type, these are highly two-dimensional semiconductors.
Secondly, there is also a substantial anisotropy in S. This
is unusual in three-dimensional semiconductors, even when
they are anisotropic. This behavior can arise in anisotropic
semiconductors due to the bipolar effects [37], but due to the
sizable band gaps, this cannot be the case here. Alternatively,
the two dimensionality of the electronic structure, leading to
open Fermi surfaces when doped, can lead to this type of
behavior [38,39]. This is the case here. Thus both the conduc-
tivity and thermopower indicate practically two-dimensional
transport for p-type samples.

For these two-dimensional p-type materials, the conduc-
tivity in the c-axis direction will be very low. This means that
the thermoelectric performance of crystals can only be good
in the in-plane direction. The thermopower of a composite is
generally a weighted average of the thermopowers in different
directions. When the electrical conductivity anisotropy is
much stronger than that of the thermal conductivity, this
weighting is dominated by the electrical conductivity, and in a
material as anisotropic as these p-type materials, the measured
thermopower of a ceramic sample will be determined by
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FIG. 2. (Color online) The calculated band structures of (a) SrAgSF, (b) SrAgSeF, and (c) SrAgTeF. (d) shows the Brillouin zone path
direction. (e) shows the calculated density of states of SrAgChF (Ch = S, Se, and Te).

045206-4



ELECTRONIC STRUCTURE, TRANSPORT, AND PHONONS . . . PHYSICAL REVIEW B 92, 045206 (2015)

FIG. 3. (Color online) The calculated thermoelectric properties with variation of carrier concentration at different temperatures of SrAgSF:
thermopower for (a) electrons and (b) holes; electrical conductivity scaled by relaxation time for (c) electrons and (d) holes.

the in-plane value. The measured electrical conductivity of
a ceramic on the other hand will be reduced relative to
the in-plane direction of a crystal both by grain boundary
resistance and by the resistance of grains with the ab-plane
oriented away from the direction of the average current. Since
the thermoelectric figure of merit is ZT = σS2T/κ , it is clear
then that the thermoelectric performance of a ceramic of these
two-dimensional materials will be poorer than that of in-plane
oriented crystals, and that the performance will be best for
a highly textured ceramic. In the following, we focus on the
in-plane transport for crystalline samples, which is also the
limiting behavior for highly c-axis textured ceramics.

As discussed by Hicks and Dresselhaus [8], reduction in
the dimensionality of a semiconductor improves the electronic
contribution to ZT. The density of states near the band edge for
a 2D material has a step function shape, and is therefore higher
than for a 3D semiconductor with a similar effective mass.
This leads to an enhanced thermopower for a given carrier
concentration. In the low-temperature limit, S(T ) ∝ T/EF ,
where EF is the Fermi energy relative to the band edge, and
therefore since higher density of states means lower EF for
a given carrier concentration, dimensional reduction enhances
the thermopower. Equivalently, one can consider a fixed Fermi
level, EF , i.e., doping to similar S(T ) for the 2D and 3D
semiconductors. In that case, the 2D semiconductor will have a
higher carrier density but the same in-plane Fermi velocity, and
therefore enhanced conductivity relative to the 3D material.

Most good 3D thermoelectric materials have carrier con-
centrations of ∼ 1019 cm−3 and thermopower values for the
peak ZT in the range 200–300 μV/K. This can be rationalized
from the formula ZT = rS2/L, with r = κe/κ , where κe is
the electronic part of the thermal conductivity, written via the
Wiedemann-Franz relation as κe = LσT . With the standard
value of the Lorentz number, L = L0, and r = 1, ZT = 1
corresponds to S ∼ 160 μV/K. When the electronic thermal
conductivity dominates, r ∼ 1 and ZT can be increased by
increasing S, i.e., lowering the carrier concentration. On the
other hand, when the lattice thermal conductivity is dominant,
r ∝ κe ∝ σ , and ZT is increased by increasing the power
factor, σS2. This can usually be accomplished through higher
doping levels without decreasing S. Thus values of r of roughly
0.5 are common in highly optimized thermoelectric materials,
which with the state-of-the-art values of ZT in the range 1–2,
leads to the above expected range for S.

The p-type thermopower data of Fig. 3 (and in Figs. 1
and 2 of Ref. [35]), clearly show the effect of the 2D
electronic structure. In particular, one observes very high
values of the thermopower at high carrier concentrations, even
at 300 K. For SrAgSF and SrAgSeF, in-plane thermopowers
of 200 μV/K are obtained at 300 K for carrier concentrations
up to 1020 cm−3 and higher, while for the telluride such
values occur up to more than 3 × 1019 cm−3. Due to the
relatively large band gaps of these compounds, the in-plane
S(T ) increase monotonically with T . Although in general
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FIG. 4. (Color online) Calculated power factor (scaled by carrier
relaxation time τ ) variation of SrAgChF at 700 K.

the conductivity would be expected to decrease with T , it
is likely that the increase in S will more than offset this for
optimized thermoelectric performance and that the peak ZT
will increase with T in these compounds up to the maximum
temperature for which they are stable. This is a consequence
of the sizable band gaps. For all three compounds we find
p-type, in-plane S(T ) well above 200 μV/K at a carrier
concentration of 1020 holes cm−3. Electronic transport results
at 700 K are summarized in Table I. This indicates that
one can anticipate good thermoelectric performance in these

compounds provided that the lattice thermal conductivity is
not too high.

In order to better define the carrier concentration range, we
plot the transport function S2σ/τ in Fig. 4. This function is
related to the power factor. In general, the inverse scattering
rate, τ , decreases with temperature and doping level. Therefore
the position of the peak in this transport function provides
an upper bound on the possible optimum doping level. As
seen, this is ∼1021 holes cm−3 for all three compounds.
SrAgSF and SrAgSeF give higher values of this transport
function than does SrAgTeF. This is a consequence of the
lower S(T ) in the telluride. It is possible, however, that this
could be compensated by a difference in mobility, i.e., if
the mobility at a given carrier concentration is higher in the
telluride, or by a lower lattice thermal conductivity. In any
case, from the electronic point of view, all three compounds are
highly two dimensional for p-type doping and show promising
thermoelectric properties as a consequence.

C. Lattice dynamics

We now turn to the lattice dynamical properties. The single
crystal elastic constants were calculated and are given in
Table IV in Ref. [35], along with polycrystalline averages that
may be useful for comparison with future experiments on ce-
ramic samples. The compounds are found to be mechanically
stable as expected and the computed Debye temperatures of
the SrAgChF compounds are similar to that of BiCuSO [40].
To be more precise, SrAgSeF has the lowest value of the
Debye temperature, which might indicate a lower thermal

FIG. 5. (Color online) (a) Phonon dispersion curves and (b) partial phonon density of states for SrAgSeF. (c) Comparison of the low-
frequency phonon dispersion curves for SrAgSeF and BiCuSeO.
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conductivity. We give the phonon dispersions and density of
states of SrAgSeF in Figs. 5(a) and 5(b). We find low-frequency
optic branches that intersect the acoustic branches starting
well below 50 cm−1. This suggests strong phonon-phonon
scattering. Thermal conductivity in bulk semiconductors at
temperatures relevant to thermoelectrics is normally intrinsi-
cally limited by anharmonic phonon-phonon scattering [41]
and therefore this suggests low thermal conductivity. From
Fig 5(b), it is clearly evident that these lower frequency modes
originate mainly due to the vibrations of AgSe layer. We have
also plotted the lower acoustic and optic modes separately in
Fig. 5(c). A similar behavior is also observed in BiCuSeO,
where the experimentally reported thermal conductivity is low
at high temperature [42], and the phonon dispersion plots show
a similar behavior.

IV. SUMMARY

We have discussed the electronic structure, transport, and
vibrational properties of SrAgChF. We find that especially
for p-type doping these are highly two-dimensional materials,
in effect natural superlattices. This dimensional reduction is

reflected in the electronic transport properties relevant for ther-
moelectric performance, with high values of the thermopower
at high doping levels. We also find phonon dispersions
with low lying optic modes cutting the acoustic branches,
indicative of materials with low thermal conductivity. These
results suggest exploration of the thermoelectric properties of
p-type SrAgChF materials for in-plane oriented crystals. It
is expected that the optimum carrier concentrations will be
in the 1020 cm−3 range for temperatures above ambient and
that the optimized ZT will increase with temperature up to
temperatures close to the limit of stability of the compounds.
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