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a b s t r a c t

Crystals with anisotropic thermoelectric transport coefficients can yield a high figure-of-merit along the
direction with the highest electronic mobility, provided the Seebeck coefficient and thermal conductivity
are relatively isotropic. In this study, we combine experiment and theory to investigate the anisotropic
properties of the quasi-1D Zintl phase Ca5In2Sb6. Ca5In2Sb6 is predicted by ab initio calculations to have
extremely anisotropic p-type electrical conductivity and power factor, arising from light effective mass
parallel to its ladder-like polyanionic chains. In contrast, the Seebeck coefficient and lattice thermal
conductivity are predicted to be relatively isotropic. The latter is evidenced by the nearly isotropic
computed speed of sound tensor and experimentally obtained thermal expansion coefficients. In order to
characterize the anisotropic electrical conductivity, Ca5In2Sb6 single crystals were grown from an IneSb
rich molten flux and measured both parallel and perpendicular to the polyanionic chains. Due to the
small crystal cross-sections, measurements perpendicular to the growth direction demanded a novel
photolithography methodology whereby micro-ribbons were extracted using focused ion beam milling,
and processed using laser photolithography to deposit contacts for electrical resistivity and Hall coeffi-
cient measurements. The conductivity parallel to the growth direction was found to be nearly 20x higher
than the perpendicular direction, in agreement with our theoretical predictions. This study represents
one of the first experimental confirmations of highly anisotropic electrical conductivity in Zintl
thermoelectrics.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Thermoelectric materials, used to convert heat into electricity,
have a wide variety of applications including industrial waste-heat
recovery, remote sensing, and powering space exploration [1]. High
efficiency thermal-to-electrical energy conversion requires mate-
rials with a high Seebeck coefficient and electrical conductivity
while possessing low thermal conductivity. This combination is
exceptionally difficult to achieve simultaneously e posing a
fundamental dilemma for those developing materials with
improved thermoelectric figure-of-merit (zT). Materials with
anisotropic crystal structures offer a potential strategy to decouple
these properties, since the degree of anisotropy exhibited by each
transport coefficient can differ [2,3]. This has been demonstrated in
several important thermoelectric materials [3e5], including the
recent study of single crystalline SnSe, in which exceptionally high
zT values (> 2) were reported [2]. In all of these cases, the highest
zT is found to be in the direction with the highest electrical
conductivity.

Zintl phases, with their vast range of structural patterns in non-
cubic space groups [6] and their excellent high-temperature ther-
moelectric performance [7], stand out as an intriguing area for
transport anisotropy studies. The covalently-bonded polyanions
exemplified by Zintl phases crystallize in a diverse range of highly
anisotropic sub-structures, including isolated moieties (e.g.,
Yb14MnSb11 [8]), 1D chains (A5M2Sb6 and A3MSb3), 2D sheets
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Fig. 1. (a) The orthorhombic unit cell of Ca5In2Sb6 contains (b) 1D tetrahedral ladders
aligned parallel to the c-axis. (c) The electronic band structure has a direct band gap
with valence band maximum between G and Y consisting of two degenerate bands. (d)
The Fermi surface of Ca5In2Sb6 at a hole concentration of 1 � 1019 hþ/cm3 reveals
quasi-1D conduction (e) with light conductivity effective mass in the c-direction,
parallel to the ladders, and heavier mass in the a- and b-directions.
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(AM2X2 [9]) and 3D networks (KGaSb4 [10], BaGa2Sb2 [11]). How-
ever, despite ample theoretical evidence [12e15] of light effective
mass and enhanced thermoelectric efficiency in the covalently-
bonded direction, experimental confirmation is still lacking in the
vast majority of Zintl compounds. This knowledge gap has been
exacerbated by the difficulty of growing single crystals of sufficient
size and quality for complete transport property characterization.
Zintl compounds often melt incongruently, have high melting
temperatures, and contain reactive and/or high vapor-pressure el-
ements, all of which make directional solidification methods (e.g.,
Bridgman or Czochralski techniques) impractical. Zintl crystals are
usually precipitated from a molten metal flux [16], which has the
advantage of reducing the melting temperature, diluting the most
reactive elements (usually the cation), and allowing for growth of
incongruent phases. The drawback is often small, anisotropic
crystals with at least one difficult-to-characterize dimension.

In this study, we combine theory and experiment to investigate
the anisotropic behavior of the quasi-1D compound, Ca5In2Sb6. The
structure of Ca5In2Sb6, shown in Fig. 1(a), is characterized by
anionic sub-structures (Fig. 1(b)) resembling chains of corner-
linked InSb4 tetrahedra aligned in the c-direction. Each neigh-
boring chain is joined via SbeSb covalent bonds to form infinite
polyanionic ladders. Prior computational studies have predicted
highly anisotropic effective mass, with light effective mass in the c-
direction, but this has not been confirmed experimentally [12].
Instead, prior experimental studies of the A5M2Sb6 family of com-
pounds (including A ¼ Ca, Sr, and M ¼ Al, Ga, In) have focused on
optimizing composition through doping and alloying, leading to
promising zT values at intermediate temperatures (e.g., zT ¼ 0.7 in
Zn-doped Ca5In2Sb6 at 900 K) in polycrystalline samples [17]. Here,
we revisit ab initio predictions of anisotropic electronic properties
using an improved scattering model and we investigate thermal
anisotropy using ab-initio phonon calculations and experimental
thermal expansion coefficients. We employ a photolithography
approach to measure electronic transport along the smallest
dimension of Ca5In2Sb6 crystals grown from molten metal flux,
allowing us to obtain electrical resistivity both parallel and
perpendicular to the growth direction for the first time.

2. Methods

Synthesis: First, polycrystalline Ca5In2Sb6 was synthesized as a
precursor by using stoichiometric quantities of high-purity Ca
(dendritic pieces, Sigma-Aldrich 99.9%), In (shot, Alfa Aesar
99.999 5%), and Sb (shot, Alfa Aesar 99.999%), which were then
milled in a SPEX MixerMill 8000D in 5 g batches, under argon at-
mosphere using two 12.7 mm stainless steel balls for 60 min. The
resulting powder was loaded into 10 mm graphite dies (POCO
EDM-3) with graphite foil spacers. Samples were spark plasma
sintered in a Dr. Sinter 211LX system under vacuum using a heating
profile of room temperature to 823 K in 5 min and maintained at
temperature for 10 min, achieving phase-pure polycrystalline
precursor. Single crystals were grown using the self-flux method.
Polycrystalline Ca5In2Sb6 samples were loaded with IneSb flux at a
ratio of Ca5In2Sb6 to In73Sb42 flux into Canfield crucibles [18] and
sealed in quartz ampules under vacuum. Ampules were heated to
1173 K in 12 h, maintained at 1173 K for 2 h and then cooled slowly
to 1003 K at 3 K/h. Ampules were then extracted from the furnace
and centrifuged at 2500 RPM for 2 min to separate the liquid flux
from the Ca5In2Sb6 crystals.

Morphology and phase analysis: Scanning electronmicroscopy
(SEM) was performed using a Zeiss Evo LS25, and a Tescan Mira
3XMH. An EDAX Apollo X module was used for energy-dispersive
X-ray spectroscopy (EDS) to determine the approximate chemical
composition. Single crystal X-ray diffraction was performed to
2

confirm the crystal structure and orient the crystals. A Bruker-AXS
Apex II CCD instrument was used at 173 K under a cold nitrogen
stream, with reflection data acquired using a graphite-
monochromated Mo-Ka radiation source (l ¼ 0.710 73 Å) produc-
ing a 0.5 mm beam diameter. Data was integrated with SAINT [19].
Structures were solved using direct methods and refined on F2

using SHELX [20] subroutines within the Olex2-1.2 crystallographic
suite [21]. Reflections were merged using SHELXL [22].

Thermal expansion: High temperature powder X-ray diffrac-
tion was performed using a Rigaku Smartlab X-ray diffraction sys-
tem with Cu-Ka radiation, equipped with a Rigaku HT1500 high-
temperature stage. Samples were ground into fine powders and
placed on a platinum tray. Measurements were performed under
vacuum to prevent oxidation. The heating and cooling rate was
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10 K/min with a 1 min hold, and sample height alignments were
performed before each scan to account for the thermal expansion of
both the holder and sample. Lattice parameters were obtained via
Rietveld refinement using PDXL2 software and showed no hyster-
esis between heating and cooling.

Photolithography: To measure electronic properties perpen-
dicular to the growth direction, a micro-photolithography process
was developed. Ca5In2Sb6 micro-ribbons with dimensions in the
range of 18e80� 3e7� 0.2e0.5 mmwere extracted from individual
crystals using a focused ion beam (FIB) equipped FEI Helios Nano-
Lab 600i EDS instrument with crystal composition confirmed
locally by EDS prior to milling. FIB cutting was conducted with a
milling voltage and current of 30 kV/65 nA respectively, with
smaller currents (as low as 80 pA) used for thinning and milling of
the edges. The micro-ribbons were then transferred onto glass
substrates. Ti Prime and image reversal photoresist AZ 5214 E was
applied using Polos spin coaters with soft/hard bakes performed on
hot plates. Laser lithography was conducted on a m-PG 101 micro
pattern generator manufactured by Heidelberg Instruments using a
375 nm laser. The circuit was designed from a digital photomask in
LASI7 and consisted of two thermocouples, two dedicated current
lines, a Hall sensor, and a heater [23]. Flood exposures occurred in a
custom stand-alone unit using 375 nm light. After development,
photoresist quality was evaluated with a Bruker DektakXT stylus
profiler. Sputter deposition of a 50 nm thick Cr adhesion layer and a
200 nm thick primary Au layer was accomplished using a Compact
Research Coater (CRC-622-2G2-RF-DC) magnetron sputtering sys-
tem manufactured by Torr International. Lift-off occurred using a
standard remover in a petri dish on a hot plate at 80 �C to expedite
the process. Additional processing details can be found in ref. [24].

Transport measurements: Electrical transport characterization
of micro-ribbons was conducted on a Quantum Design Dynacool
cryostat with a 14 T magnet. Resistance was characterized using a
sourcemeter Keithley 2400 and a nanovoltmeter Keithley 2182 A.
Samples were mounted to Quantum Design Physical Property
Measurement System (PPMS) pucks with GE varnish and bonded to
external contact pads with 25 mm Au wire using a TPT HB16 semi-
automatic bonder.

Electrical resistivity measurements of 5e10 mm crystals along
the preferred growth direction (parallel to c-direction) were carried
out using a custom-built cryostat system based on a standard four-
terminal resistance configuration. Electrical contacts were made
with Pelco colloidal silver liquid (Ted Pella) and insulated single
strand Cu wire (dia. ¼ 0.07 mm).

Computational details: The electronic structure of Ca5In2Sb6
was computed using density functional theory (DFT) and the
Vienna ab initio Simulation Package (VASP) [25] using the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation (GGA)
[26], the projector augmented-wave (PAW) approach [27,28] and a
k-point grid of 10x4x2. Including spin orbit coupling (SOC) was
found to reduce the band gap (see Fig. S1). GW calculations using
the G0W0 method [29] were used to confirm that the band edge
curvature from PBE was accurate. Details of the G0W0 calculations
and the resulting band structure are shown in Fig. S2 and Fig. S3.
The conductivity effective masses and transport properties (ob-
tained from PBE without SOC) were obtained with the BOLTZTRAP

software [30] by solving the Boltzmann transport equation, and the
Pymatgen software was used for the post-processing analysis [31].
Typically, BOLTZTRAP employs the constant relaxation time approxi-
mation for electron scattering. In order to overcome this rather
rough approximation, the BOLTZTRAP software was modified to
include an energy and temperature dependent relaxation time t(e,
T) following [32]:
3

tðe; TÞ ¼ t0ðe0; T0Þ
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where the reference relaxation time, t0, is kept variable in order to
fit experimental results. The energy, e0, and the temperature, T0, are
fixed to 0.01 eV and 600 K respectively. Parameters s and r depend
on the scattering type considered. Ionized impurity (II) scattering
sets the parameters to s¼ 0 and r¼ 2 whereas the acoustic phonon
(AP) scattering use s¼�1 and r¼ 0. The contributions from the two
scattering mechanisms were summed via Matthiessen's rule. Note
that polar optical phonon scattering (POP) was also considered
(s ¼�1 and r ¼ 1), but we found that the ratio of AP-to-POP did not
significantly change the temperature dependence of transport co-
efficients. For this reason, POP was omitted for the purpose of this
study.

In addition, the calculated phonon dispersion of Ca5In2Sb6 was
obtained using density functional perturbation theory (DFPT)
within the ABINIT software [33,34]. The mode Grüneisen parame-
ters were obtained by performing calculations with a cell volume
1% larger than the initial phonon calculation and another with a
volume 1% smaller. The phonon dispersion and the mode Grü-
neisen parameters are shown in Fig S6 and S7, respectively,
together with additional details of the calculation approach.
3. Results

3.1. Electronic structure

The electronic band structure of Ca5In2Sb6, shown in Fig. 1(c)
along high symmetry directions, has a direct band gap of 0.15 eV
between Y and G. Since DFT with GGA is known to underestimate
band gaps, for the purposes of calculating transport coefficients, a
scissor operator was used to match the experimental band gap of
0.64 eV obtained from optical measurements [12]. Below, we focus
our analysis on the valence band in the energy range from EF¼�0.2
to 0 eV, since, to date, all A5M2Sb6 compounds (including A¼ Ca, Sr,
M ¼ Al, In, Ga) synthesized with this structure type have been p-
type [35]. For Ca5In2Sb6, the nominally undoped polycrystalline
samples reported in Zevalkink et al. [12], as well as the Ca5In2Sb6
single crystals synthesized for the current study have n ~1018 hþ/
cm3 (corresponding to EF ¼ �0.25 eV), while Zn-doped poly-
crystalline samples have been reported with up to 1020 hþ/cm3

(EF ¼ �1.7 eV).
The valence band maximum of Ca5In2Sb6 consists of two bands,

each of which has a degeneracy of two due to symmetry, leading to
an overall band degeneracy of NV ¼ 4. The valence band is highly
anisotropic; the Fermi surface at 1019 hþ/cm3 resembles a plate
oriented perpendicular to the c-axis (see Fig. 1(d) and Figure S4 for
an additional perspective). The table shown in Fig. 1(e) compares
the conductivity effective masses m*

a, m
*
b, and m*

c along the three
principle directions. Note that the conductivity effective mass
controls electronic mobility and is determined by the average
curvature of the bands near EF in a particular k-space direction
[36e38]. It takes into account all the bands and regions in the
Brillouin zone involved in transport at the specified Fermi energy
and temperature. The density of states effective mass (m*

DOS), in
contrast, is a scalar quantity and determines the Seebeck coeffi-
cient. The distinction between m*

DOS and m*
i is what enables

enhanced zT along the light inertial mass and high mobility direc-
tion of anisotropic materials [39].

In Ca5In2Sb6, the carrier transport in the c-direction, parallel to
the polyanionic chains, has the lightest mass with m*

c;ðY�TÞ ¼ 0.15

me, while the effective masses in the b- and a-directions are 8 and
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20 times heavier, at m*
b;ðY�GÞ ¼ 1.17 me and m*

a;ðY�SÞ ¼ 3.33 me,

respectively. The light mass in the c-direction likely stems from the
polar-covalent IneSb bonds that form a continuous chain along the
c-direction. The covalent SbeSb dumbbells are oriented along the
b-direction but do not form a continuous network. In contrast,
bonding along the a-direction is characterized only by ionic CaeSb
bonding, likely leading to the high effective mass.

A literature survey of the experimental electronic mobility of
Zintl compounds supports the theory that the polyanionic sub-
structures in Zintl phases provide channels for p-type electronic
conductivity. Fig. 2 shows the intrinsic p-type mobility, mo, of
polycrystalline samples at 600 K as a function of an empirical
constant, fo ¼ a/(m þ x)(1 þ cX � cM). The first term in fo quantifies
the cation-to-anion ratio for a general composition of AaMmXx.
Compounds with a higher cation-to-anion ratio generally contain
anionic sub-structures with a lower degree of connectivity (e.g., 1D
sub-structures or isolated 0Dmoieties, as opposed to 2D or 3D sub-
structures). The second term in fo quantifies the electronegativity
difference, cX-cM, between the M and X species that form the pol-
yanions and thus indicates the degree of covalency in the poly-
anions. The strong correlation between mobility and fo suggests
that both the dimensionality and the bonding character of the
polyanions are important in determining the electrical conductiv-
ity. Compounds in the Ca5M2Sb6 family are thus expected to have
relatively low average (i.e., polycrystalline) mobility because they
have low dimensionality (1D) anionic sub-structures.

Extending the same rule-of-thumb to the single-crystal mobility
of Zintl compounds, one would expect to always find the highest
mobility in the real-space direction aligned parallel to the poly-
anions. As intuitive as this explanation appears, there are excep-
tions. The related compound, Ca3AlSb3 [46] forms 1D polyanionic
chains similar to that of Ca5In2Sb6, but its valence band is not
predicted by DFT to be highly anisotropic. Another compound,
Ba3Al2As, is actually predicted to have lighter effective mass
perpendicular to its polyanionic chains [15]. This suggests that, on
its own, anisotropic bonding is not a sufficient condition to yield
anisotropic transport in other Zintl structure types. It is also notable
that in Mg3Sb2 and Mg3Bi2, the in-plane p-type conductivity is
significantly lower than the out-of-plane conductivity. This has
been shown both from first-principles calculations [47] and
Fig. 2. Intrinsic mobility at 600 K in AaMmXx Zintl phases was calculated from exper-
imental Hall mobility data [8,11,12,35,40e44] using a single band model [45]. The
intrinsic mobility decreases rapidly with increasing cation-to-anion ratio, a/(m þ x),
and electronegativity difference, cX-cM.
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experimentally in crystals grown from flux [48]. However, since the
bonding in these compounds has been shown to be a) isotropic, and
b) more ionic than covalent [49], their transport properties should
not be considered as representative of Zintls in general.

3.2. Predicted electronic transport properties

Fig. 3 shows the calculated electronic transport coefficients and
zT of Ca5In2Sb6 (solid and dotted curves) compared with experi-
mental polycrystalline data from an undoped sample
(n ¼ 4x1018 hþ/cm3) and a Zn-doped sample (n ¼ 2x1020 hþ/cm3)
taken from Zevalkink et al. [17]. The transport along the three
principle axes, as well as the directionally-average coefficients,
were computed from the electronic band structure by solving the
Boltzmann equation with energy-dependent relaxation times. The
individual relaxation times for ionized impurity (t0,ii) and acoustic
phonon (t0,ap) scattering were used as fitting parameters to ensure
that the computed average resistivity matched the experimental
resistivity of polycrystalline samples. Table 1 shows the value of t0
used to fit experimental results for the two scattering mechanisms.
The polycrystalline average was taken as the average of the re-
sistivities along the perpendicular axes. This average can be
considered as an upper bound on the resistivity of the poly-
crystalline bulk, and thus may lead to slight overestimation of the
single crystal resistivities [50].

In orthorhombic crystals, three coefficients (rxx, ryy, rzz) corre-
sponding to transport along each of the principle axes (a, b, and c,
respectively), are sufficient to fully describe the resistivity tensor,
rij. Likewise for the Seebeck tensor, aij [51] and the electronic
thermal conductivities, ke,ij (the latter can be found in the supple-
mental information Figure S5). In Ca5In2Sb6, the predicted re-
sistivity along the c-axis (parallel to the polyanionic chains) is
found to be roughly an order of magnitude lower than the a- or b-
axes, following the trend in conductivity effective mass described
above. The ratio between the resistivity along the three directions
remains largely constant as a function of temperature and Fermi
level.

In contrast to the highly anisotropic electrical resistivity, the
Seebeck coefficient varies by only 10e20% between the three
principle axes at 200 K. Similar behavior has been noted in many
anisotropic materials (e.g., SnSe [2], Bi2Te3 [3] and GeAs [52]); the
conductivity is often orders of magnitude more anisotropic than
the Seebeck coefficient, thus leading to improved power factor
along the high conductivity direction of the crystal. As shown by
Parker et al. in ref. [39], the Seebeck coefficient will be isotropic as
long as the band(s) can be modeled as a single parabolic band, and
the scattering rate, t, is isotropic. This remains true regardless of the
degree of bandmass anisotropy. Our calculations assume by default
that t is isotropic. Therefore, the predicted anisotropy in the See-
beck coefficient of Ca5In2Sb6 arises due to deviations from parabolic
band curvature and from the contributions of additional bands,
especially from carrier excited to the conduction band. These con-
tributions cause the Seebeck to become increasingly isotropic at
high temperatures.

The predicted zT values shown in Fig. 3 were calculated using
the experimental values of kl (~1.1 W/mK at 300 K - 0.7 W/mK at
1000 K) reported for the undoped polycrystalline sample in
Ref. [12]. The predicted zT is highest in the c-direction for both p-
type carrier concentration regimes, peaking at lower temperatures
for n¼ 1018 hþ/cm3, due to activation of intrinsic carriers. While the
directionally-averaged zT is predicted to be higher in doped sam-
ples (n ¼ 2 � 1020 hþ/cm3) than in undoped samples, the predicted
zT along the c-direction is optimized at much lower carrier con-
centrations due to the lighter effectivemass, peaking at 1.8 at 600 K.
The zT predictions in Fig. 3(c) and (f) make two major assumptions



Fig. 3. The calculated directional (solid curves) and average (dotted curves) transport properties of Ca5In2Sb6 compared with experimental polycrystalline data (diamond symbols)
from ref. [17]. Panels (a)e(c) show calculated data at 4 � 1018 hþ/cm3, and panels (d) and (e) are at 2 � 1020 hþ/cm3. The resistivity in the c-direction is predicted to be an order of
magnitude lower than the a- and b-directions. This leads to higher predicted zT in the c-direction, assuming isotropic lattice thermal conductivity.

Table 1
Values of t0 used to fit experimental results for ionized impurity scattering (II and
acoustic phonon scattering (AP).

n [cm�3] t0(II) [fs] t0(AP) [fs]

4 � 1018 0.160 1600
2 � 1020 0.016 55
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that should not be taken for granted: 1) isotropic lattice thermal
conductivity and 2) isotropic scattering of electronic carriers.
Testing these assumptions experimentally is the focus of remainder
of this study.
3.3. Evidence for isotropic lattice thermal conductivity

The anisotropy of the lattice thermal conductivity (kL) of a
crystal is primarily a function of the speed of sound tensor, which,
in turn, is determined by the elastic tensor. McKinney et al. showed
recently that anisotropic lattice thermal conductivity of a wide
variety of materials can be reproduced reasonably well using only
the computed elastic tensor [54]. In general, isotropic elastic con-
stants lead to isotropic lattice thermal conductivity. The computed
elastic tensor of Ca5In2Sb6 [53] was found to be only slightly
anisotropic; the Young's modulus varies from 51 GPa in the x-di-
rection to 64 GPa in the y-direction, suggesting that the ionic CaeSb
bonds are as stiff as the polar-covalent IneSb bonds forming the
polyanionic backbone of the structure. From the elastic tensor of
Ca5In2Sb6 we computed the speed of sound tensor, which is shown
in Fig. 4(b). The speed of sound is nearly completely isotropic (see
Table S1) which suggests that kL in Ca5In2Sb6 is likewise isotropic.

The large unit cell of Ca5In2Sb6 (26 atoms per primitive cell)
means that the optical modes may also play an important role in
5

heat transport. As can be seen from the computed phonon
dispersion shown in Fig. S6, the velocity of the optical phonons in
Ca5In2Sb6 are likewise nearly isotropic. Disparities between the a, b,
and c directions (G-X, G-Y, and G-Z, respectively), are comparable to
what we observe for acoustic velocities.

Lastly, we consider the possibility of anisotropic phonon scat-
tering rates. The computed mode Grüneisen parameters of
Ca5In2Sb6 are shown in Fig. S6 and S7. Averaging the Grüneisen
parameters along each principle axes yields slightly higher values
for phonons propagating along the a- and b-directions (1.37 and
1.36, respectively) compared to the c-direction (1.27). These
computed Grüneisen parameters are in excellent agreement with
the experimental thermal expansion data. Fig. 4(c) shows the
relative change in each lattice parameter as a function of temper-
ature. The linear fits to the temperature dependent lattice param-
eters are shown in the supplemental information in Figure S8. The
linear coefficients of thermal expansion of the a-axis are the
highest (1.52 � 10�5K�1), consistent with the higher Grüneisen
parameter in that direction. The b- and c-axes are slightly lower
(1.32� 10�5 and 1.26� 10�5K�1, respectively). However, the overall
variation is less than 20%, suggesting that the anharmonic bonding
character is comparable along the three primary directions, i.e., the
ionic bonds and the covalent bonds are equally harmonic. This,
combined with the isotropic speed of sound indicates that our
earlier assumption of isotropic lattice thermal conductivity in
Ca5In2Sb6 was likely a reasonable one.
3.4. Structure and morphology of Ca5In2Sb6 single crystals

Single crystals of Ca5In2Sb6 were grown to verify the predicted
electronic transport properties. Nominally undoped Ca5In2Sb6
crystals were obtained from an IneSb rich molten metal flux. Each



Fig. 4. Calculated (a) Young's modulus from ref [ [53]]. and (b) speed of sound as a
function of orientation in Ca5In2Sb6 using elastic tensor available on MaterialsProject.org.
(c) Lattice parameters of Ca5In2Sb6 measured as a function of temperature, normalized to
room temperature. The linear CTE is proportional to the slope of each curve.
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flux growth yielded a large number of small crystals, ranging from
100 mm to 5mm in length. Representative SEM images of the grown
Ca5In2Sb6 single crystals are shown in Fig. 5(a). Crystal surfaces
were flat and metallic in appearance, largely free of flux. The
structure, stoichiometry, and orientation of the crystals were
confirmed using SC-XRD. The crystals grew preferentially along the
c-direction, [001], while the slowest growing direction was iden-
tified tentatively as the a-direction, [100]. The refined structure was
consistent with the earlier reports by Cordier et al. [55]. Attempts
were made to dope Ca5In2Sb6 crystals by adding a small amount of
Zn to the flux. Zn has been previously reported as an effective
dopant for Ca5In2Sb6 samples synthesized using a powder metal-
lurgy approach [17]. However, instead of yielding Zn-doped
Ca5In2Sb6 crystals, the addition of Zn to the flux led e serendipi-
tously e to the formation of an entirely new structure type, which
we reported in Ref. [56].

3.5. Measurements of anisotropic electrical conductivity

The consequence of the highly anisotropic growth is that indi-
vidual crystals can grow several millimeters along their preferred
growth direction (c-direction) but only measured in the tens of
microns in the perpendicular directions (a- and b-). A traditional
four-probe method using manually-placed contacts could only be
used to measure the resistivity parallel to the c-axis (blue symbols
in Fig. 6(a)), but this method was impractical for measurements in
the a- and b-directions. For this reason, we pursued micro-
fabrication techniques whereby regularly-shaped micro-ribbons
oriented either parallel or perpendicular to the c-axis were
extracted from single crystals using a FIB milling technique. An
example of this extraction process is shown in Fig. 5(b). A laser
photolithography process was then used to apply sensors for
transport measurements as shown in the schematic and SEM im-
ages in Fig. 5(c-d) [57]. The resistivity obtained from amicro-ribbon
oriented perpendicular to the c-axis, shown as the green symbols in
Fig. 6(a), was found to be 13e18x higher than the parallel direction.
Note that the perpendicular micro-ribbon is concluded to be ori-
ented along the a-direction based on SC-XRD characterization of
different crystals from the same growth. The solid curves in Fig. 6(a)
are the computed resistivity values along the principle axes at a
carrier concentration of 1018 h/cm3. Both the magnitude and
anisotropy of the predicted resistivities agree well with the single
crystal data.

The Hall coefficient was measured for the micro-ribbon in the
temperature range of 220e300 K, yielding the p-type Hall carrier
concentrations shown in the inset of Fig. 6(b). The carrier con-
centration was found to increase with increasing temperature,
indicating that the crystal is an intrinsic semiconductor. The
magnitude of the p-type carrier concentration was comparable to
that of previously reported polycrystalline Ca5In2Sb6 [12]. This
similarity implies similar point defect densities and a narrow
homogeneity range characteristic of a true line compound (at
least with respect to excess In and Sb). The mobility of the micro-
ribbon (perp. to c) was calculated from the measured resistivity
and Hall carrier concentration. We estimated the mobility of the
macroscopic single crystal (parallel to c) from its resistivity by
assuming it has the same carrier concentration. Both sets of single
crystal data are compared to polycrystalline data from ref [12]. in
Fig. 6(b). The c-direction mobility is significantly higher than the
perpendicular direction and the polycrystalline sample, consis-
tent with DFT. Anisotropic mobility can arise from either aniso-
tropic conductivity effective mass, m*, or relaxation time, t. Since
the latter was not accounted for in our models, the excellent
agreement between the measured and predicted anisotropy
suggests that the effective mass - not the relaxation time - plays

http://MaterialsProject.org


Fig. 5. (a) SEM image of Ca5In2Sb6 crystals obtained from flux growth and (b) an
example of the FIB cutting process used to extract individual micro-ribbons from the
crystals. (c) A 3D rendering of the circuit design shows the CreAu sensors (yellow)
deposited on top of both the sample (grey) and the glass substrate (blue). (d) SEM
image of a Ca5In2Sb6 micro-ribbon with final implementation of the circuit design.

Fig. 6. (a) Resistivity of Ca5In2Sb6 crystals measured perpendicular and parallel to the
c-direction. The solid curves are the computed resistivity at a carrier concentration of
1 � 1018 h/cm3. (b) Hall mobility of a polycrystalline samples compared with and single
crystal data measured perpendicular and parallel to the c-direction. Inset of panel (b):
Carrier concentration measured on micro-ribbon.
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the most important role in the anisotropic transport.
The ratio of the resistivity of Ca5In2Sb6 measured parallel and

perpendicular to the crystal growth direction is compared in
Table 2 against other highly anisotropic single crystals. Both
Ca5In2Sb6 and CsBi4Te6 contain 1D covalent chains, with parallel
and perpendicular defined relative to the chain direction. For the
layered compounds listed, parallel refers to in-plane and perpen-
dicular is out-of-plane. This shows that Ca5In2Sb6 possesses more
anisotropic resistivity than the tetradymite compounds Bi2Te3 and
Sb2Te3, but less than the incredibly anisotropic CsBi4Te6. Mg3Sb2 -
sometimes classified as a Zintl phase - exhibits relatively isotropic
electronic transport (both experimentally and in DFTmodeling [5]).
Even though there are hundreds of thermoelectric materials with
anisotropic structures, experimental data remains rare. In almost
all cases, the “perpendicular” data is exceedingly difficult to obtain
and it is often less reliable than the parallel measurements. This
limitation is sometimes due to geometric constraints, as in the
current study, or due to imperfections such as stacking faults in the
crystals [61,62], or the use of a textured polycrystal instead of a
single crystal, which introduces grain boundaries. This highlights
the continued need for significant advances in both characteriza-
tion techniques and crystal growth to help fill the gaps in our
knowledge of anisotropic electronic transport in complex ther-
moelectric materials.
Table 2
Ratio of electrical resistivity perpendicular (r⊥) and parallel (rk) to the crystal growth
direction at 200 and 300 K for selected bulk materials with quasi 1D or 2D crystal
structures.

r⊥/rk r⊥/rk

Compound 200 K 300 K Ref.

Ca5In2Sb6 (1D) 18.6 13.1 This work
CsBi4Te6 (1D) 127 86.7 [4]
Bi2Te3 (2D) e 6.1 [3]
Sb2Te3 (2D) e 1.8 [58]
PbBi4Te7 (2D) 5.7 4.3 [59]
PbSb2Te4 (2D) 12.0 10.1 [59]
Mg3Sb2 (2D) 0.50 0.49 [5]
SnSe (2D) e 5.0 [60]
4. Conclusions

First principles modeling was used to show that the Zintl
compound Ca5In2Sb6 has extremely anisotropic electrical resistivity
due to light effective mass in the c-direction, parallel to its chain-
like anionic sub-structure. The electrical resistivity and carrier
concentration were measured on a single crystal micro-ribbon that
was cut perpendicular to the c-direction. This data was compared
against resistivity values collected on a single crystal parallel to the
c-direction, yielding experimental confirmation of the predicted
anisotropic electronic resistivity. A 13e18x increase in conductivity
was observed parallel to the c-direction. DFT predicts a significantly
7
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enhanced thermoelectric figure of merit parallel to the c-direction,
assuming that the lattice thermal conductivity is isotropic. The
latter assumption was supported by the calculated speed of sound
tensor and the measured thermal expansion coefficients, both of
which were found to be relatively isotropic. This study is the first
experimental confirmation of quasi-1D electronic transport in a
Zintl compound thermoelectric material. Further, it serves as proof-
of-concept for using micro-ribbons extracted from larger single
crystals to evaluate thermoelectric properties in specific crystallo-
graphic directions. This process can potentially be applied to other
compounds in the same manner to bridge the gap between
experimental and computational evidence for anisotropic transport
in Zintl compounds.
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