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ABSTRACT: Most electronic materials exhibit a single dominant
charge carrier type, either holes or electrons, along all crystallo-
graphic directions. However, there are a small number of
compounds, mostly metals, that exhibit simultaneous p-type and
n-type conduction behavior along different crystallographic
directions. We demonstrate that the experimental discovery of
semiconductors with this axis-dependent conduction polarity can
be facilitated by identifying a large anisotropy of either the electron
or hole effective masses (m*) or both, providing the electron and
hole masses dominate along different crystallographic directions.
We calculated the layered semiconductor NaSnAs to have a lower
electron m* in-plane than the cross-plane and a very large hole m*
in-plane and small hole m* cross-plane. We established the growth
of >3 mm-sized NaSnAs crystals via Sn flux and confirmed the band gap to be 0.65 eV, in agreement with theory. NaSnAs exhibits p-
type thermopowers cross-plane and n-type thermopowers in-plane, confirming that the large anisotropy in the effective mass at the
band edges is an excellent indicator for axis-dependent conduction polarity. Overall, this work shows that the discovery of
semiconductors with such a phenomenon can be accelerated by computationally evaluating the anisotropic curvatures of the band
edges, paving the way for their future discovery and application.

■ INTRODUCTION

The search for materials that simultaneously exhibit p-type and
n-type conduction along different crystallographic axes has
sparked considerable recent interest.1−4 Since almost all modern
electronic, optoelectronic, and thermoelectric devices require
the integration of p-type and n-type semiconductors together to
induce functionality, the discovery of semiconductors that have
axis-dependent conduction polarity would open up the
exploration of unique technologies that exploit this anisotropy
in an undoped, single crystal. Of the >165,000 experimental
compounds listed in the international crystal structure database,
only 11 have been identified experimentally to simultaneously
exhibit n-type and p-type conduction behavior along orthogonal
crystallographic directions. Of these few, the only materials with
semiconducting behavior are Re4Si7,

5 which has a 0.15 eV
indirect gap,6−8 and CsBi4Te6, which has a narrow band gap of
∼0.10 eV,9 along with the Mott insulator κ-(BEDT-TTF)2Cu-
[N(CN)2]Cl.

10 Due to the limited number of materials that
possess this effect and the wide range of potential applications,
there remains a strong need to expand the library of
semiconductors that demonstrate this effect, especially to
those with larger band gaps for optoelectronics.
Thus far, the overwhelming majority of materials that exhibit

axis-dependent conduction polarity have been discovered

serendipitously. Recently, theory has played a central role in
elucidating the two known mechanisms and band structure
fingerprints for axis-dependent conduction polarity and thus has
the potential to facilitate the discovery of new materials.11 In the
single-carrier mechanism, a single band has opposite signs of
curvatures at the Fermi level and thus effective masses (m*)
along different directions of the crystal, enabling the same
carriers to behave either as electrons or holes depending on the
direction of travel. In the multicarrier mechanism, the carriers
that give rise to p-type conduction and n-type conduction are in
different bands, such that either the valence or conduction band
dominates transport along one direction, while the other band
dominates transport along a different direction. In such a
material, the valence or conduction band must have a small m*
along one crystallographic direction, while the other band either
has a small m* along an orthogonal direction or is relatively
isotropic. A nominally undoped semiconductor could exhibit
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axis-dependent conduction polarity only via the multicarrier
mechanism, whereas upon degenerate doping, the single-carrier
mechanism could be accessed.11 The realization of this effect via
both mechanisms can be computationally predicted by
calculating the anisotropic m* values near the band edges.
Layered materials are great candidates to realize axis-

dependent conduction polarity since the in-plane and cross-
plane bonding directions are often composed of different orbital
symmetries. Indeed, many compounds having crystal structures
consisting of honeycomb networks of transition metals and/or
main group atoms, which are separated by highly electropositive
elements, have been predicted or found to exhibit this effect. For
example, this phenomenon has recently been predicted in
BaCuAs and at least 20 different isoelectronic compounds.11

Furthermore, the layered metal NaSn2As2 was discovered to
have axis-dependent conduction polarity via the single carrier
mechanism.1,12 In contrast to this “1-2-2” phase, there are a
plethora of semiconducting layered Zintl phases that have a “1-
1-1” stoichiometry including NaSnP, NaSnAs, and KSnSb.
Through constructing a materials genome database of potential
thermoelectric materials in TEDesignLab,13,14 we have found
that NaSnP and NaSnAs exhibit a unique anisotropy in the
valence and conduction band m* tensors, indicating that the
hole conduction dominates transport along the cross-plane
direction, while electron conduction is relatively isotropic along
both directions. However, only NaSnP single crystals have been
previously reported and synthesized,15 and unfortunately, their
extreme air sensitivity makes it challenging to reliably character-
ize their full axis-dependent transport properties. NaSnAs was
discovered in 2017 and has been characterized in the bulk
powder form.16 Therefore, we set out to grow single crystals and
fully evaluate the axis-dependent electrical conductivities and
thermopowers of NaSnAs.
Here, we establish that NaSnAs is a semiconducting material

that exhibits axis-dependent conduction polarity. The aniso-
tropic curvatures of the valence and conduction bands lead to
dominant hole conduction along the cross-plane direction and
electron conduction in-plane. We developed the growth of mm-
scale NaSnAs crystals via Sn flux and confirm this anisotropic
conduction behavior via in-plane and cross-plane thermopower
measurements. This work demonstrates how computational
predictions can enable the discovery of materials that possess
this conduction anisotropy.

■ EXPERIMENTAL METHODS
NaSnAs single crystals were synthesized and grown by a Sn fluxmethod.
Due to the air sensitivity of the starting materials and crystals, as well as
the toxicity and volatility of As, the synthesis, characterization, and
handling of the NaSnAs crystals discussed in this section were
performed in an N2-filled glovebox or air-free environment, unless
noted otherwise. Stoichiometric amounts of Na chunks (99.9%,
Aldrich), As powder (99%, STREM), and Sn powder (99.85%, Alfa
Aesar) were added to a quartz tube, and additional Sn powder was
added at a 12:1 mass ratio to act as a flux to facilitate crystal growth.
Finally, before sealing in a larger quartz ampoule at ∼65 mTorr, quartz
wool plugs were inserted into the tube above the powder to act as a filter
for molten Sn. The reactionmixture was then heated to 650 °C and held
for 3 h and then cooled to 400 °C at a rate of 1.5 °C/h. At 400 °C, the
tubes were quenched, inverted, and rotated in a centrifuge at 1000 rpm
for 10 min to separate molten Sn from the NaSnAs crystals. To further
remove Sn, the NaSnAs crystals were resealed in a quartz tube and
rested on top of quartz wool. Approximately, 15 single crystals from the
same synthesis were then heated to 300 °C and held for 12 h to anneal
the crystals and allow any excess Sn to pass through the quartz wool
with additional centrifugation. This process was repeated at least three

times. Sn content of single crystals was monitored after each melting
procedure by removing and grinding two to three crystals each time for
powder X-ray diffraction (XRD). This process was repeated until a
decrease in Sn content was no longer observed. For comparison to
single crystals, polycrystalline ingots of NaSnAs were prepared by
grinding single crystals, pressing, and sintering in an evacuated quartz
ampoule at 300 °C. Inductively coupled plasma-optical emission
spectroscopy (ICP-OES) (Galbraith Laboratories) was carried out on
ground single crystals to confirm the Na/Sn/As/Si using the standard
protocols (GLI ME-70) and run in duplicate.

Powder XRD patterns were collected on NaSnAs with a Bruker D8
powder diffractometer with Cu Kα radiation from 2θ values from 10 to
80°. To prevent oxidation, diffraction data were collected while
covering the sample with Kapton tape. The single-crystal XRD studies
were carried out on a Nonius Kappa diffractometer equipped with a
Bruker APEX-II CCD andMo Kα radiation (λ = 0.71073 Å). A 0.570 ×
0.446 × 0.272 mm piece of a metallic silver block was mounted on a
Cryoloop with clear enamel. Data were collected in a nitrogen gas
stream at 300(2) K using ϕ and ϖ scans. The crystal-to-detector
distance was 40 mm, and the exposure time was 10 s per frame using a
scan width of 2.0°. Data collection was 100% complete to 25.00° in θ. A
total of 3595 reflections were collected covering the indices−4≤ h≤ 5,
−5≤ k≤ 5, and 16≤ l≤ 16. A total of 236 reflections were found to be
symmetry-independent, with an Rint of 0.0458. Indexing and unit cell
refinement indicated a primitive, hexagonal lattice. The space group was
found to be P63mc. The data were integrated using the Bruker SAINT
software program and scaled using the SADABS software program.
Solution by direct methods (SHELXT) produced a complete phasing
model for refinement. All atoms were refined anisotropically by full-
matrix least-squares (SHELXL-2014).

Kubelka−Munk (K−M) diffuse reflectance infrared Fourier trans-
form spectroscopy (DRIFTS) measurements were performed in the
infrared region using a PerkinElmer Frontier dual-range spectrometer
with an integrating sphere in a nitrogen glovebox. The absorbance of
ground NaSnAs powder dispersed in dried KBr (Sigma-Aldrich) from
0.05 to 0.99 eV was collected, following collection of a KBr background
spectrum. Additionally, diffuse reflectance absorbance (DRA) data
were collected for the visible range (>0.75 eV) using a PerkinElmer
Lambda 950 UV/vis spectrophotometer fitted with an integrating
sphere using an air-free sample holder. The samples were diluted and
dispersed in BaSO4 (Sigma-Aldrich) and measured using an air-free
sample holder with a quartz window.

Thermoelectric transport properties were measured using a standard
liquid N2 cryostat at temperatures ranging from 80 to 300 K. A small
brass sheet was attached to the top of the crystal underneath a resistance
heater, and an alumina sheet acted as a heat sink, assuring uniform heat
flow in the samples. Copper−constantan thermocouples were attached
at two points along the crystal with Ag epoxy to measure the
temperature gradient, and the copper legs of the thermocouples were
also used to measure the Seebeck voltage. Thermal conductivity
measurements were collected along the in-plane direction using the
classical heater-and-sink method, where the amount of heater power
divided by the temperature drop across the sample gives the thermal
conductance, which is converted to conductivity, given the dimensions.
Current wires were added to the crystal for the collection of resistivity
measurements. For Hall coefficient measurements along the in-plane
direction, an additional set of copper wires were attached in a direction
transverse to both heat flow and the applied magnetic field, which was
varied from −1.4 T to +1.4 T. Thermopower and resistivity
measurements were first performed in the in-plane orientation, and
then, contacts were removed and reattached in the cross-plane
orientation, allowing for measurements in both directions to be
collected on the same single crystal.

The electronic properties of NaSnAs were calculated using density
functional theory (DFT) as implemented in the Vienna Abinitio
Simulation Package (VASP)17,18 with projector augmented wave
Perdew−Burke−Ernzerhof (PAW-PBE) potentials.19 The kinetic
energy cutoff for plane waves was set to 360 eV for relaxations and
electronic structure, and the Brillouin-zone integration was performed
on a Γ-centered 12 × 12×3 k-point mesh. For the electronic structure
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calculations, an HSE hybrid-functional20 calculation was performed.
The fraction of exact exchange was set to 10% and the range−separation
parameter was set to 0.2, which results in a band gap whose value
matches the experimental measurements for relaxed lattice constants of
a = 4.03 Å and c = 12.12 Å.

■ RESULTS AND DISCUSSION
The crystal structure of NaSnAs is composed of puckered,
honeycomb SnAs sheets separated by Na atoms (Figure 1a).

Within each layer, the Sn and As atoms alternate positions to
form a hexagonal BN-like arrangement. There exist two SnAs
layers per unit cell such that the Sn atoms in one layer are
directly above the Sn atoms in the next layer; however, the As
layers alternate positions, leading to a P63mc space group.
Considering the large electropositive nature of Na, one can
consider the SnAs covalent layers to be reduced to [SnAs]−, with
the Na atom oxidized to Na+. Assuming that this electron is
donated to the Sn atoms, both As and Sn would feature formal
octets with three covalent bonds and one lone pair. The lone pair
on Sn or As is positioned either above or below the layers,
leading to the observed puckering in the unit cell. This
assignment of Na+ and [SnAs]− is in excellent agreement with
calculations of the Bader charges based on the crystal structure
(Table S1).
The electronic structure and the partial density of states

(PDOS) of NaSnAs were calculated using DFT within the
hybrid-functional approach (Figure 1b,c). This material is
predicted to be a 0.64 eV indirect gap semiconductor. The
valence band maximum is slightly shifted away from Γ, between
Γ and K/M. At Γ, the highest energy valence band is
predominantly composed of filled Sn 5pz and As 4pz orbitals
in a π* configuration (Figure S1a). Since the pz orbitals have
very little orbital overlap within each puckered SnAs sheet, the
valence band has minimal dispersion in energy along the in-
plane directions (Γ to M or Γ to K). Since most of the electron
density of the pz orbitals occurs along the cross-plane direction,
the valence band has a much larger dispersion from Γ to Z. The
conduction band minimum occurs as a low energy pocket

between Γ andM, close toM. The conduction bandminimum is
mainly σ* character between the Sn−As px and py orbitals along
the in-plane direction including contribution from the Na 3s
orbitals (Figure S1b). Therefore, the conduction band
minimum has large dispersion along both the in-plane and
cross-plane directions.
To fully evaluate the anisotropy in the conduction and valence

bands, we calculated the effective mass tensors of the conduction
and valence band edges for NaSnAs. To understand and
compare the magnitude in anisotropy of NaSnAs to similar
isoelectronic compounds, we also calculated the effective mass
tensors of semiconducting phases KSnAs and KSnSb (Table S2,
Figure S2). For NaSnAs, the hole effective masses were
calculated as |27 m0| and |0.96 m0| (|0.65 m0| and |0.12 m0| for
KSnSb,m0 = free electron mass) for the in-plane and cross-plane
directions, respectively. The calculated electron effective masses
for NaSnAs are 1.7 m0 and 2.8 m0 (0.35 m0 and 0.17 m0 for
KnSnSb) for the in-plane and cross-plane directions, respec-
tively. The plotted effective masses, in Figure 1d, illustrate the
large anisotropy in NaSnAs that leads to axis-dependent
conduction. In addition, the calculated Fermi surfaces of the
hole and electron pockets further exemplify the large anisotropy
of the band curvature that leads to axis-dependent conduction
polarity.11 The Fermi surface 0.06 eV above the CBM consists of
six prolate ellipsoids (Figure 1e), while the Fermi surface 0.04 eV
below the VBMhas an extremely oblate-shaped ellipsoid (Figure
1f). Given that carrier mobility is strongly dependent on the
effective mass integrated over all bands, the prediction of holes
to have much larger |m*| in-plane and electrons to have larger
m* cross-plane indicates that this material will have a unique
intrinsic conduction anisotropy with both carriers present.
To verify the existence of axis-dependent conduction polarity,

single crystals of NaSnAs >3 mm in length and width were
grown using a Sn flux method (Figure 2a). The NaSnAs crystal

structure was obtained and confirmed using single crystal
diffraction measurement and included in the Supporting
Information. After growth, residual Sn is observed in the XRD
pattern of ground-up crystals. In other reports of crystal growth
in Sn flux, excess Sn is commonly removed with dilute HCl.21

However, since NaSnAs is not stable in HCl, excess flux was
removed by repeated melting and centrifugation of the crystals
with residual Sn present. The powder XRD patterns, in Figure
2b, confirm the removal of a large fraction of Sn through this
process. Rietveld analysis before and after purification (Figures
S3 and S4; Tables S3 and S4) displays a phase fraction decrease
from 15.4% to 1.8% residual Sn impurity. In addition, ICP-OES
analysis confirms the 1:1:1 atomic ratio of Na/Sn/As (Table S5)

Figure 1. (a) Crystal structure of NaSnAs. Yellow atoms represent Na,
silver atoms represent Sn, and green atoms represent As. (b) Band
structure and partial density of states (PDOS) of NaSnAs. (d)
Anisotropic, in-plane, and cross-plane effective masses for holes and
electrons in NaSnAs. (e) Fermi surface of the conduction band 0.06 eV
above the CBM. (f) Fermi surface of the valence band 0.04 eV below
the VBM.

Figure 2. (a) Photographs of NaSnAs single crystals grown from Sn
flux. Gridlines represent 1 mm. (b) Powder XRD patterns before
(black) and after (red) Sn-removal procedure. Blue asterisks indicate
location of major Sn impurity peaks that have no overlap with NaSnAs
reflections.
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and minimal (∼16.3 ppm) Si contamination from the quartz
tube.
DRA measurements were performed on NaSnAs powder

(Figure 3) in the infrared and visible regions to analyze and

confirm the semiconducting nature of this material. Reflectance
data were converted to absorption using the Kubelka−Munk
equation, and the absorption spectrum shows a sharp optical
transition at ∼0.66 eV. To accurately deduce the band gap from
the absorption spectrum, we modeled the absorbance spectrum
following the Tauc−Davis−Mott expressions for the possible
optical transitions that can occur in NaSnAs, assuming both a
3D direct allowed and 3D indirect allowed transition (Figure
S5). The indirect transition was determined to be at a lower
energy of 0.65 eV, while the direct transition occurs at 0.76 eV.
These measurements agree with the values predicted from
theory (Figure 2b), for which the indirect and direct gaps are
calculated at 0.64 and 0.82 eV, respectively.
To characterize the conduction polarity of NaSnAs, the in-

plane and cross-plane thermopowers on two separate crystals
were measured. The thermopower values were measured from
80−300 K along the in-plane and cross-plane directions. Axis-
dependent conduction polarity was confirmed on both crystals
(Figure 4e). Thermopowers on both crystals exhibit negative
values along the in-plane direction that become more negative
with increasing temperature, reaching values of−12.1 and−23.4
μV/K for crystals 1 and 2, respectively, at 300 K. The cross-plane
thermopowers are positive and increase with increasing
temperature, reaching magnitudes of +16.8 and +4.8 μV/K for
crystals 1 and 2, respectively.
The differences in thermopowers between the two crystals

may be a result of slightly different carrier concentrations,
differing amounts of residual Sn impurities between the
measured crystals, and/or a difference in electron scattering
times. Due to the crystals being neither strongly p- nor n-type,
we do not observe a strong temperature dependence of
thermopower, typical of semiconducting materials, and any
difference in temperature dependence observed in the sample is
likely the result of a difference in electron scattering times. In
agreement with the XRD patterns, small amounts of residual Sn
were observed on the outer faces and edges of the crystal based
on scanning electron microscopy (SEM) and energy dispersive
X-ray spectroscopy (EDX) measurements (Figure S6). Multiple
crystals were cleaved in half, and EDX maps of the cross section
were obtained. However, no Sn inclusions could be detected in
the cross section, indicating that the majority of residual exists
on the outer surface.

The in-plane and cross-plane resistivities both exhibit a
positive slope with increasing temperature. While this behavior
is typically indicative of metallic behavior, it is likely a result of
the presence of extrinsic doping effects via atomic vacancies and
inclusions and/or residual Sn on the surface of the crystal. Based
on the Hall measurements performed along the in-plane
direction on crystal 2 (Figure S7), the carrier concentration is
∼4 × 1019 cm−3 at 300 K.
Interestingly, the in-plane resistivities for both crystals were

higher than those along the cross-plane direction. While this is
unusual in layered materials, we hypothesize that it is a
consequence of the fact that both the electron and hole cross-
plane effective masses are much smaller and close in magnitude
(2.8 m0 and |0.96|m0, respectively), allowing conduction of both
carriers. In contrast, the in-plane hole effective mass (|27|m0) is
much larger than the electron effective mass (1.7 m0), reducing
the contribution of holes along this direction. Furthermore, the
temperature-dependent thermal conductivity of crystal 2 was
measured along the in-plane direction as well. The thermal
conductivity value decreased with increasing temperature, with a
room-temperature value of 2.0Wm−1 K−1 (Figure S8). To verify
the measurement results and compare with previous studies on
this material, the thermal conductivity was also measured on a
polycrystalline ingot, resulting in a value of 1.6Wm−1 K−1 at 300
K. The extrapolation of the data to 300 K is consistent with a
previous study on polycrystalline ingots.16

Figure 3. DRIFTS of NaSnAs powder dispersed in KCl. The observed
optical transition occurs at 0.66 eV.

Figure 4. (a) Schematic illustrating the in-plane thermopower and
resistivity measurement. (b) Photograph of in-plane measurement. (c)
Schematic illustrating the cross-plane thermopower and resistivity
measurement. (d) Photograph of cross-plane measurement. (e,f) In-
plane and cross-plane thermopowers and electrical resistivities for
crystals 1 and 2. Crystal 1 is designated by triangles, and crystal 2 is
designated by squares. Cross-plane measurements are orange, and in-
plane measurements are blue.
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The transport data collected on crystals 1 and 2 strike a
significant contrast with the data collected on NaSnAs crystals
contaminated with the 15.4% phase fraction of Sn (Figure S9).
Despite the large amount of Sn impurity, this crystal still exhibits
positive and negative thermopowers along the in-plane and
cross-plane directions at room temperature, highlighting the
robust nature of axis-dependent conduction polarity in NaSnAs,
even with the large presence of a metallic impurity. This also
indicates that further improvement in the crystal growth and
reduction of Sn contaminants can fully unlock the large values
and opposite signs of thermopower that are expected in NaSnAs.

■ CONCLUSIONS

We have shown that the discovery of semiconductors that
exhibit axis-dependent conduction polarity can be expanded
through identifying compounds that have either a highly
anisotropic valence or conduction band or both, provided the
directions where m* is small are different. Based on these
predictions, a Sn-flux growth of millimeter-sized single crystals
of NaSnAs was developed. The in-plane and cross-plane
thermopowers on multiple crystals were found to be negative
and positive, respectively, confirming these predictions. Of the
extremely small number of semiconductors discovered to exhibit
this exotic conduction behavior, NaSnAs has the largest band
gap (0.65 eV) by far and thus is an excellent material targeting
the future exploration of optoelectronic applications that exploit
this effect.
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