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Ternary chalcogenides Cs,Zn;Se; and Cs,Zn;Tey: Potential p-type
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We report the prediction of two ternary chalcogenides that can potentially be used as p-type transparent
conductors along with experimental synthesis and initial characterization of these compounds, Cs,Zn;Chy
(Ch = Se,Te). In particular, the structures are predicted based on density functional calculations and confirmed
by experiments. Phase diagrams, electronic structure, optical properties, and defect properties of Cs,Zn;Se4 and
Cs,Zn3Te, are calculated to assess the viability of these materials as p-type transparent conducting materials
(TCMs). Cs,Zn;3Se, and Cs,Zn;3 Tey, which are stable under ambient air, display large optical band gaps (calculated
to be 3.61 and 2.83 eV, respectively) and have small hole effective masses (0.5-0.77m.) that compare favorably
with other proposed p-type TCMs. Defect calculations show that undoped Cs,Zn;Se4 and Cs,Zn;Te4 are p-type
materials. However, the free hole concentration may be limited by low-energy native donor defects, e.g., Zn
interstitials. Nonequilibrium growth techniques should be useful for suppressing the formation of native donor

defects, thereby increasing the hole concentration.
DOI: 10.1103/PhysRevB.90.184104

I. INTRODUCTION

Transparent conducting materials (TCMs) are widely ap-
plied as transparent electrodes for solar cells, displays, and
light emitting diodes [1,2]. Availability of both n- and p-type
TCMs is essential for the development of transparent elec-
tronics. A good TCM must allow high optical transmittance
across a wide optical spectrum, requiring a large optical
band gap (>3.1 eV) and have high conductivity. Oxides
have been extensively studied as TCMs owing to their large
band gaps and good chemical stability. At present, several
materials are known to be good n-type transparent conducting
oxides (TCOs), i.e., In,O3, SnO,, and ZnO when suitably
doped. The conductivity of commercially available indium
tin oxide (In,O3:Sn) is close to 10*S/cm with electron
concentrations as high as 2 x 10> cm™3 [3]. In contrast, p-
type TCOs are generally plagued by poor hole conductivities,
usually 2-3 orders of magnitudes lower than the best electron
conductivities in n—TCOs. This is caused by (1) fundamental
limitations on the hole mobility in valence bands composed of
localized O 2 p orbitals; and (2) the difficulty in p-type doping
of most oxides due to the low-lying O 2 p orbitals—high energy
is needed to create holes in the valence band, which then often
leads to formation of compensating defects. Here, we report
on two compounds that may mitigate these problems. The
identification of these compounds was based on observations
about the existing p-type TCMs, and so we begin with a
discussion of those materials.

Many materials have been investigated as potential p-
type TCMs. Several material design approaches have been
developed to mitigate the problem of poor hole conductivity
due to the localized O2p orbitals. One approach is looking
for oxides with cations that introduce occupied cation d or
s states near O-2p derived valence band [1,4]. The resulting
p-d and p-s coupling enhances cation-anion hybridization
and increases valence band dispersion. The most notable
example of this type of material is Cu-based oxides, such
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as delafossite CuM O, (M =Al, Ga, In, Y, Sc, Cr, B, etc.)
[1,5-16], and SrCu,0; [17]. These materials mix low-gap
(2.17 eV [18]) p-type semiconductor Cu,O with large-gap
oxides to form ternary oxides. Due to the high-lying Cu-3d
orbitals, the valence band of these materials is a combination
of Cu-3d and O-2p states, which enhances hybridization and
valence band dispersion. The problem with applications of
such Cu-based materials comes from the fact that Cu' is
easily oxidized to Cu®*, thereby trapping a hole on Cu [19],
and also some of the compounds tend to take up O in air.
The hole transport in delafossite CuM O, is usually polaronic
in nature [20,21]. The highest reported hole conductivity in
Cu-based p-type TCOs is 220 S/cm observed in Mg-doped
CuCrO; [10]. Ag, Mn, Co, Ir, and Rh-based transition metal
oxides have also been studied motivated by related concepts of
mixing transition-metal d states with O-2p states to enhance
hybridization [22-27]. The hole effective masses of these tran-
sition metal oxides are generally heavy (>2m., where m. is
the electron rest mass) compared to the electron effective mass
of <0.3 m. in n-type TCOs [4]. The heavy hole effective mass
ultimately limits hole conductivity in these transition metal
oxides.

Cation s states are generally more delocalized than d
states, and their hybridization with O-2p states can result
in lighter hole effective mass. This can be realized in oxides
containing ns? cations, which have outer electron configuration
of ns? (e.g., Sn?>* and Pb?*). Several such oxides with hole
effective masses <0.5 m., such as A,Sn, O3 (A =K, Na), have
been suggested as potentially useful p-type TCOs based
on first-principles calculations [4]. However, the band gaps
of A,Sn,03 are lower than 3 eV and therefore limit their
transparency to visible light.

Besides exploring the cation-O interaction to enhance
valence band dispersion, the effect of introducing additional
anions (e.g., chalcogens [28], halogens, etc.) in oxides has
also been investigated. In these materials, oxygen ions often
play minor roles in hole transport. A recent theoretical study
suggested several such oxides (e.g., BsO, ZrOS) as promising
p-type TCOs [4]. (In B¢O, the hole transport is through the
B, icosahedron network [4,29].)
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Most of the work on mixed-anion p-type TCMs has been fo-
cused on layered compounds such as LaCuChO (Ch =S, Se)
[30-33]. LaCuChO have alternating [CuCh]™ and [LaO]*
layers. The hole transport is through the chalcogenide layer
[CuCh]~, whereas the [LaO]" layer is insulating but can
modulate the band gap and accommodate p-type dopants
without strongly scattering holes in the [CuCh]~ layer. The
[LaO]" layer can be replaced with a [BaF]* layer, forming
BaCuChF, in which the oxygen ion is entirely eliminated [34—
37]. Mg-doped LaCuOSe has been reported to exhibit a high
conductivity of 910 S/cm, a hole concentration > 103 cm—3,
and hole mobility of 3.5cm? V~!s~! [32]. However, the band
gap of LaCuQOSe is alittle too low at 2.8 eV. Layered oxysulfide
[Cu;,S,][Sr3Sc,05] has a band gap of 3.1 eV and has been
reported to have a high hole mobility of 150cm? V~!s~! at
room temperature (hole density ~10'7 cm~3) [38]. But high
carrier density and high conductivity in this material have not
been reported.

In the layered mixed-anion materials discussed above,
the valence band is made up of mixed Cu-3d and
chalcogen p states. The calculated hole effective masses
along the /-M direction for LaCuOSe (E;=2.8eV) and
[CuzS>1[Sr3S¢205] (Eg =3.1eV)are 0.30 m. [33] and 0.96 m..
[39], respectively. These hole effective masses are much lighter
than those of Cu-based delafossites (>2m.) due to the more
delocalized chalcogen p states. However, the conductivity in
the direction perpendicular to the layer is poor due to the
presence of the barrier layer (i.e., [LaO]" or [BaF] " layer).

Here, we use computational modeling to design layered
chalcogenides with more isotropic transport properties as
potential p-type TCMs. There are several reports of com-
putational materials design of p-type TCOs, which screened
a large number of oxides in Inorganic Crystal Structure
Database (ICSD) (http://fiz-karlsruhe.de/icsd.html) using a
first-principles computational approach [4,23]. In this pa-
per, we go beyond existing compounds in ICSD to design
additional ternary chalcogenide materials. Note that high
throughput first-principles calculations have been previously
used to discover previously unknown compounds [40,41]. Our
approach, in contrast, is a top-down approach, based on ra-
tional design combined with both first-principles calculations
and experiments.

Hole mobilities of ZnSe and ZnTe have been reported to
be as high as 50cm? V™! s7! (Ref. [42]) and 340 cm?> V! s~!
(Ref. [43]) in low-hole-density samples at room temperature.
For comparison, the electron mobility of In,Oj3, which is
the best n-type TCO, has been reported to be as high as
200cm?>V~!'s™! at room temperature [44]. The band gaps
of ZnSe and ZnTe are 2.82 eV and 2.39 eV, respectively,
which are too low for TCMs. Androulakis et al. [45] pointed
out that the band gap of HgCh (Ch = S, Se, Te) (zero
gap matetials) can be increased by a dimensional reduction
approach, in which the cubic HgCh structure is reduced
to lower dimension structures by admixing with Cs,Ch.
For example, the band gap increases from HgSe (0 eV,
3D structure) to CsyHgeSes (1.0 eV, open framework 3D),
Csp,Hgs;Ses (2.1eV, 2D), Cs,HgSe, (3.0eV, 1D chain), and
CsgHgSe4 (>4 eV, 0D, molecular units). Similarly, the band
gap increases from 1.48 eV for CdTe to 2.5 eV for Cs,Cd;Tey.
The approach of dimensional reduction increases the band
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gap at the expense of decreasing the band dispersion due to
weakened covalent bonding and consequently narrower bands.
The 2D-layered structure may be a reasonable compromise
between the band gap and the band dispersion when designing
new p-type TCMs. Mixing ZnCh with Cs,Ch (Ch = Se, Te)
in 6:1 or 3:1 ratio to form Cs,ZngCh; or CsyZn3Chy, respec-
tively, may raise the band gap to values above 3 eV. However,
Cs,ZngCh7 is not chemically stable (discussed in Sec. III A),
and the syntheses of Cs,Zn3;Chy (Ch = Se, Te) have not been
reported in the literature. Since the analogs of Cs,Zn3Se4 and
CsyZnsTey (e.g., CsZn3S4 [46] and (Rb,Cs), CdzTey [47])
do exist, we use density functional calculations to predict
the structures of Cs,Zn3Se, and Cs,Zn3Tey and further study
chemical stability, electronic structure, optical properties, and
defect properties of CspZn3Sey and Cs,Zn3Tey to assess their
viability as p-type TCMs. Experimental syntheses have also
been performed.

II. METHODS

We calculated the electronic structure, optical absorption,
phase diagram, and defect properties of CsyZn3;Ses and
Cs,Zn;3Tey based on density functional calculations. Perdew,
Burke, and Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) [48] was used to calculate the band structures.
The band gap and the optical absorption coefficients were
calculated using PBE [46], Heyd, Scuseria, and Ernzerhof
(HSE) [49], and Tran-Blaha modified Becke-Johnson potential
functional (TB-mBJ) [50-52] functionals. In HSE calcula-
tions, a 36% Fock nonlocal exchange was used because it
reproduced band gaps of ZnSe, ZnTe, and K,ZnTe, very
well [2.78 eV, 2.23 eV, and 3.13 eV (calculated) vs 2.82 eV,
2.39 eV, and 3.0 eV [53] (experimental) for ZnSe, ZnTe, and
K,ZnTe,, respectively]. The TB-mBJ is a recently developed
functional that has been shown to give good band gaps and
optical properties for many semiconductors and insulators but
requires a much lower computational cost compared to HSE
calculations. Optical absorption coefficients were calculated
on a primitive cell of Cs,Zn3Chy (two formula units) using
a4 x 4 x 4 k-point mesh in HSE and PBE calculations and a
8 x 8 x 8 k-point mesh in TB-mBJ calculations. The PBE
functionals were used to calculate the phase diagram and
defect formation energies. Defect calculations were performed
using a supercell of eight formula units of Cs;Zn3Chy and a
2 x 2 x 2 k-point mesh.

Spin-orbit coupling was included in the calculations of
the electronic structure and optical properties, but not in
the calculations of the phase diagram and defect properties,
because the spin-orbit coupling mainly affects the electronic
structure but not structures and total energy differences, at least
for elements of moderately heavy mass [the heaviest elements
here are Cs (Z = 55) and Te (Z = 52)] [54,55].

The PBE and HSE calculations were performed using
the Vienna Ab initio Simulation Package (VASP) [56,57].
The electron and core interactions are included using the
frozen-core projected augmented wave approach [54]. The
Zn 3d electrons are explicitly treated as valence electrons.
The valence wave functions were expanded in a plane-wave
basis with a cutoff energy of 400 eV. All the atoms were
relaxed by minimizing the Feynman-Hellmann forces less
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than 0.01 eV/ A. The TB-mBJ calculations were performed
using the general linearized augmented plane-wave (LAPW)
method, as implemented in the WIEN2K code [58]. These
are all electron calculations. The WIEN2k calculations were
performed using well converged LAPW basis sets plus local
orbitals to treat semicore states. The muffin-tin sphere radii
employed were 2.5 Bohr, 2.3 Bohr, and 2.3 Bohr for Cs, Zn,
and Se, respectively, in Cs,Zn3Ses and 2.5 Bohr, 2.4 Bohr,
and 2.55 Bohr for Cs, Zn, and Te, respectively, in Cs,Zn3Tey.
The size of the LAPW sector of the basis corresponded to
Ryt Kmax = 9.0, where Ryr is the smallest sphere radius and
Kmax 1s the plane wave cutoff.

For defect calculations, the formation energy of a defect in
the charge state g is given by

AHp g(&r, Apte) = (Epg — En) — Y a(Dphe + 125"

+q(evm + &f). (D

In the first term, Ep , and Ey are the total energies of the
supercells that contain the defect and that of the defect-free
host material, respectively. n, is the difference in the number of
atoms for the orth atomic species between the defect-containing
and defect-free supercells. Ay, is the chemical potential for
the «th atomic species, relative to /L;ef, which is taken as the
chemical potential of the ath atomic species in its elemental
bulk form. £ is the Fermi energy referenced to the valence
band maximum (VBM), eygm. The transition level of a defect,
e(q/q"), corresponding to a change in its charge state between
q and ¢/, is given by the Fermi level, at which the formation
energies, AH(q) and AH(q'), for charge states ¢ and ¢’ are
equal to each other:

e(q/q") =[AH(q) — AH(G)1/(q" — q). 2)

In the defect calculations, the VBM and the conduction
band minimum (CBM) from PBE calculations were corrected
using the band gaps obtained from the HSE calculations. For
this purpose, the common reference energy in the PBE and
HSE calculations were chosen as the average electrostatic
potential in the supercell. The shallow defect levels, which
mainly have the character of bulk electronic states, were shifted
with their respective band edges, while the deep levels, which
are highly localized, were not corrected since they are not
expected to move following the band gap correction. Details
of these commonly used correction schemes can be found, for
example, in Ref. [59]. Corrections to the defect formation
energy due to potential alignment (between the host and
a charged defect supercell), band filling effects, and image
charge correction [56,60] were applied wherever appropriate.

III. RESULTS

New p-type transparent conducting ternary chalcogenides
(CsyZn3Sey and CsyZnsTey) are predicted by theory. We take
the material design approach that existing binary compounds
with good hole mobility (ZnSe and ZnTe) are modified through
admixing with highly electropositive cations and adopt a
dimensionally reduced structure such that the band gap is sig-
nificantly increased while retaining highly dispersive valence
bands in all three dimensions. The calculated crystal structure,
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FIG. 1. (Color online) (a) Crystal structure of Cs,Zn;Sey
(Cs,Zn3Tey) featuring [Zn3Se4]>~ ([Zn3Tey]>™) layers stacked along
the ¢ axis and Cs™ cations acting as spacers between the layers.
(b) [Zn3Se4 1>~ ([Zn3Te4]>") layer in Cs,Zn3Sey (Cs,ZnsTey) viewed
along [001]. The green, blue, and red atoms are Cs, Zn, and Se/Te,
respectively.

phase diagram, electronic structure, optical properties, and
defect properties along with the experimental syntheses are
presented in this section.

A. Crystal structures of Cs,Zn;Se; and Cs,Zn;Te,

To our knowledge, crystal structures of Cs,ZngCh; and
CspZn3Chy (Ch = Se, Te) have not been reported in the
literature. We adopted the structures of the existing com-
pounds Cs;HgeS7 [61] and Cs,Cd3;Chy [45] for Csy;ZngChy
and Cs;Zn3Chy, respectively. Cs;Zn3Chy is found to be
stable against decomposition to Cs;Ch and ZnCh, whereas
CsyZngChy is unstable against decomposition to Cs;Zn3Chy
and ZnCh and therefore is not further studied. Details of the
phase diagram for Cs,Zn3Chy4 are shown in Sec. III B.

Figure 1(a) shows the crystal structure of Cs;Zn3Chy,
which has alternating [Zn3Chs]*~ and Cst layers stacked
along the [001] direction (space group Ibam, No. 72). The
PBE optimized lattice parameters and atomic coordinates for
Cs,Zn3Sey and Cs,ZnsTey are shown in Tables I and II. The
[Zn;Chal*~ layer consists of edge-sharing ZnChy tetrahedra,
as shown in Fig. 1(b). Each chalcogen ion in the [Zn;Cha]*
layer is at the corner of four tetrahedra. Three of them are
ZnCh4 tetrahedra, and one is a Ch4 tetrahedron with a vacancy
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TABLE 1. Lattice parameters for Cs,Zn;Ses and Cs;Zn3Tey
(space group Ibam, No. 72) optimized using PBE calculations. The
lattice parameters in parentheses are the experimental results.

CS2ZH3SC4 C82Zn3T64
a(A) 6.143 (6.023) 6.536 (6.411)
bA) 11.984 (11.777) 12.910 (12.668)
c(A) 14.634 (14.352) 15.517 (15.243)

at the center. For example, the four chalcogen ions in Fig. 1(b)
(labeled by 1-4) form a tetrahedron with a vacancy at the
center. These vacancies result in “holes” in the [ZnzCh4]*~
layer, as can be seen in Fig. 1(b). Filling these vacancies with
Zn would result in a ZnCh layer that has the same structure as
the [CuCh]~ layer in LaCuOCh.

B. Phase diagrams of Cs,Zn;Se; and Cs,Zn;Te,

Under thermal equilibrium conditions for crystal growth,
the chemical potential Au, in Eq. (1) must meet several
conditions in order to maintain the stable growth of the crystal
and avoid competing phases. These conditions are shown
below for Cs,Zn3Se4 as an example.

(i) To maintain the stability of a compound during crystal
growth, the sum of the chemical potentials of its con-
stituent elements must be equal to the heat of formation,
AH(CsyZn3zSey), of the compound, i.e.,

2Apcs + 3Auzn + 4iuse = AH(CsyZnsSey)
= —9.94eV. 3)

Note that all calculated heats of formation of ternary and binary
compounds in this paper are given for per formula unit.

(ii)) To avoid precipitation of Cs, Zn, and Se, Au, are
bound by

AI‘LCS < 09 A,uon < O’ AMSC < 0' (4)

(iii) To avoid the formation of competing phases, chemical
potentials are limited by

2Apcs + Apse < AH(CsaSe) = —2.940 eV,
2Apcs + 3A1se < AH(Cs:Ses) = —4.940eV,  (5)
Apizn + Apse < AH(ZnSe) = —2.029 eV,

TABLEII. Atomic coordinates for Cs,Zn3Se, and Cs,Zn;Te,4 op-
timized using PBE calculations. The lattice parameters in parentheses
are the experimental results.

Wyckoff
Atom  site by y z
Cs 8j 0.2332 (0.2319) 0.3783 (0.3794) 0.5(0.5)
Znl 4a 0.5 (0.5) 0.5 (0.5) 0.25 (0.25)
Zn2 8¢g 0.0 (0.0) 0.2721 (0.2719)  0.25 (0.25)
Se 16k 0.2793 (0.2764) 0.3671 (0.3682) 0.1544 (0.1524)
Cs 8j 0.2304 (0.232) 0.3774 (0.3779) 0.5(0.5)
Znl 4a 0.5 (0.5) 0.5 (0.5) 0.25 (0.25)
Zn2 8¢ 0.0 (0.0) 0.27 (0.2683) 0.25 (0.25)
Te 16k 0.2765 (0.2717) 0.3683 (0.37) 0.1518 (0.1495)
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FIG. 2. (Color online) Calculated phase diagrams for Cs,Zn;Se,
(a) and Cs,Zn;Tes (b). The stable regions for Cs,Zn;Ses and
Cs,Zn3Te, are shaded.

where A H(Cs;Se), A H(Cs,Ses), and A H(ZnSe) are the heats
of formation for Cs,Se, Cs,Ses, and ZnSe, respectively.

Equations (3)-(5) determine the phase diagram of
Cs,Zn3Sey, which is shown in Fig. 2(a) as a two-dimensional
panel with two independent variables, Aucs and Apzy,. The
stable region for Cs,Zn3Se, in the phase diagram is shown as
the shaded trapezoid in Fig. 2(a).

Similar to Cs;Zn3Ses, the chemical potentials for
CsyZn3Tey satisfy conditions as follows:

2Apcs +3A gy +4pte = AH(CspZn3Tey) = — 6.494 eV,
Apcs €0, Apz, <0, Apr <0,
2Apcs + Apte < AH(CsTe) = —3.062 eV, 6)
2Aucs + 3Aute < AH(Cs;Tes) = —3.799 eV,
Apzn + Apte < AH(ZnTe) = —0.929 eV.
The stable region for Cs,Zn3Te4 in the phase diagram is
shown as the shaded trapezoid in Fig. 2(b). The phase diagrams

in Fig. 2 demonstrate that the single-phase Cs,Zn3;Ses and
Cs,Zn;Tey can be grown.

C. Electronic structure and optical absorption of Cs,Zn;Se,
and Cs,Zn;Tey

Figure 3 shows the band structures of Cs,Zn;Ses and
Cs,Zn3Tey calculated using PBE functionals. The HSE calcu-
lations show much larger band gaps than the PBE calculations,
as shown in Table III. The TB-mBJ band gap of Cs,Zn3Ses
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FIG. 3. Band structures of (a) Cs,Zn3Se; and (b) Cs,Zn3Tey
calculated using PBE functionals. Spin-orbit coupling is included.
Note that the band gaps are underestimated due to the PBE-GGA
error.

(3.52 eV) is close to the HSE band gap (3.61 eV). However,
the TB-mBJ band gap of Cs,Zn3Te4 appears to be too small
(2.29 eV). It is much smaller than the HSE band gap of
2.75 eV and is even smaller than the experimental band gap of
ZnTe (2.39 eV). This is inconsistent with the expected larger
band gap of Cs;Zn3Tey4 than that of ZnTe as a result of the
reduced dimension and the addition of highly electropositive
Cs in CsyZn;3Tey4. Therefore, the HSE calculation provides a
more plausible result for the band gap of Cs,Zn3Te, than the
TB-mBJ calculation. Note, however, that in both compounds

TABLE III. Band gaps of Cs,Zn;Se, and Cs,Zn;Te, calculated
using PBE, HSE, and TB-mBJ functionals. Spin-orbit coupling is
included in the calculations. The units are in eV.

PBE HSE TB-mBJ
Cs,Zn3Sey 2.01 3.61 3.52
Cs,Zn3Tey (indirect I — Z) 1.55 2.75 2.29
Cs,Zn;Te, (directat Z) 1.64 2.83 2.40
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TABLE IV. Hole effective masses of the top two valence bands
(separated by ~20 meV, see text) in Cs,Zn;Se; and Cs,Zn;Te,
calculated using PBE functionals and spin-orbit coupling. The units
are in electron rest mass ..

Cs,Zn3Sey Cs,Zn;3Tey
mi* my” mit my* my” mi
VBM 2.16 1.75 0.65 1.01 2.12 0.55

VBM-1 0.77 0.77 7.01 0.74 0.50 2.59

the TB-mBJ and HSE results for the electronic structure, band
gap, and optical properties are relatively similar to each other
when compared to the PBE results.

CsyZn3Ses has a direct band gap at " point, whereas
CsyZn3Tey has an indirect band gap (VBM at " and CBM
at Z). The direct band gaps of Cs;Zn3Ses and CsyZn;Tey
are 3.61 eV and 2.83 eV, respectively, calculated using
HSE functionals. The calculated band gap of Cs;Zn3Seq4
is sufficiently large, whereas that of CsyZn;Tey is slightly
below the target of >3.1 eV for a TCM. The optical
absorption coefficients of Cs,Zn3Ses and Cs,Zn;Tes are
calculated using PBE, HSE, and TB-mBIJ functionals, as
shown in Fig. 4. The onsets of the optical absorption are
consistent with the calculated direct band gaps shown in
Table IIl. The general features in the optical absorption
coefficients calculated using the three different functionals are
in reasonable agreement except for their different band gaps.
The TB-mBJ calculations used a denser k-mesh (8 x 8 x 8)
than the HSE and PBE calculations (4 x 4 x 4) and therefore
show smoother absorption curves, especially near the band
edge.

The VBM and CBM states of Cs,Zn3Ses (Cs>ZnsTey)
primarily have the characters of Se 4p (Te 5p) and Zn 4s
states, respectively. At /" point, the VBM state is mainly made
up of p, orbitals of the chalcogen ions, whereas the state next
to the VBM in the valence band (VBM-1 state) is mainly
of p, and p, characters. The calculated energy separations
between the VBM and the VBM-1 states at /" point are only 22
and 25 meV for Cs,Zn3Se4 and Cs,Zn3;Tey at the PBE level,
respectively, and are 16 and 20 meV at the HSE level. These
two states are part of light and heavy hole bands along the
I-X,I-Y, and I'-Z directions, as shown in Fig. 3. Along the
I-X and I*-Y directions, the light band (p, and p, states) is
below the heavy band (p, states) at the /" point. Along the [-Z
directions, the light band (p, states) is above the heavy band
(px and p, states) at the I point. Since the energy separation
between the light and heavy hole bands is very small (<kT at
room temperature), the light hole bands along the /-X and I-Y
directions can be easily populated if the holes are introduced
into the valence bands.

The light hole bands along the 7-X, I'-Y, and I -Z directions
are all very dispersive, as shown in Fig. 3. The calculated
light hole effective masses for Cs,Zn3;Ses and CsyZn;Tey
are small (0.5-0.77m., see Table IV). Despite having a
layered structure, the interaction between the chalcogen ions
across the Cs layer is significant. The calculated light hole
effective mass along the z direction (m;°) is comparable or
even smaller than those along the x and y directions (m;”
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FIG. 4. (Color online) Optical absorption coefficients of (a) Cs,Zn3Se, and (b) Cs,Zn3Te, calculated using both PBE and HSE functionals.
Optical absorption coefficients calculated using TB-mBJ functionals are shown in (c) Cs,Zn;Se, and (d) Cs,Zn;Te,. Spin-orbit coupling is

included.

and m;”), as shown in Table IV. This is in sharp contrast
to LaCuChO and [Cu,S;,][Sr3Sc,0s5], where the effective
mass along the z direction is much larger than those on
the ab plane [33,39]. In LaCuChO and [Cu,S;,][Sr3Sc,0s],
the hole conducting [CuC#h]™ layers are separated by rela-
tively thick insulating layers (i.e., [LaO]* in LaCuChO and
[Sr3Sc;05]1% in [Cu,S»1[Sr3ScyO51); therefore, the holes only
diffuse efficiently on the ab plane. In contrast, the adjacent
[Zn3Chy]*~ layers in Cs,Zn3 C hy are strongly coupled through
a one-atom-thick layer of Cs*, which results in small hole
effective masses along the z direction.

The combination of large band gaps and small effective
masses for Cs,Zn3Se4 and Cs,Zn;Tey compare favorably with
those of other proposed p-type TCMs [4]. The effective masses
of Cs,Zn3Se4 and Cs,Zn3Tey (0.5-0.77 m.) are much smaller
than those of transition-metal-based p-TCOs, such as cuprates
of delafossite structures. Among layered oxychalcogenides,
the reported hole effective masses along the /-M direction
are 0.30 m, for LaCuOSe (E; =2.8¢V) [33] and 0.96 m for
[CuzS5][S13S¢205] (Eg =3.1€V) [39]. The hole transport in
these materials is 2D in nature since the effective mass along
the /-Z direction is very large. B¢O has a band gap of 3 eV and
a calculated hole effective mass of 0.59 m. [4]. In comparison,
Cs,Zn3Se4 has a combination of large band gap (calculated to
be 3.61 eV) and small hole effective masses along x, y, and
z directions (0.65-0.77m.), which are superior compared to
other proposed p-TCMs.

D. Experimental syntheses

CsyZn3Sey and CspZnsTey crystals were synthesized fol-
lowing the procedure described in the literature [43,45,62].

Large scale (total masses up to 2.5 g) reactions employing
a modified Bridgman set up was further carried out, yielding
transparent yellow and dark yellow crystals for Cs,Zn3Se4 and
CsyZn3Tey, respectively. Cs,Zn3Ses and CsyZnsTey crystals
are found to be stable under ambient air. The handling
of these crystals does not require the use of glove boxes.
Crystallographic data were obtained by single-crystal x-ray
diffraction. The experimentally measured lattice parameters
and atomic coordinates agree very well with the calcu-
lated values (as shown in Tables I and II), confirming
the crystal structures predicted by theory. The calculated
lattice parameters deviate from the measured ones by less
than 2%.

Large amounts of carbon and ZnCh impurities are found
in Cs;Zn3Chy crystals. The weight percentages of the ZnCh
impurities are estimated to be 9.9% and 11.04% in Cs;Zn3Sey
and Cs;Zn3Tey, respectively [63]. Carbon impurities come
from the reaction of Cs with carbon coating of the quartz
tube. Since part of the carbon coating was breached dur-
ing syntheses, some Cs was lost to the reaction with the
quartz, hence the large amount of ZnCh impurities in
CSQZH3 C h4.

The presence of a large amount of ZnSe (ZnTe) impurities
in CsyZn3Sey (CsyZnsTey) prevents the accurate measurement
of the band gap and is responsible for the yellow (dark yellow)
color of the crystal. The observed colors of the crystals are
consistent with the band gaps of ZnSe (2.82 eV) and ZnTe
(2.39eV).

The attack of Cs on the carbon coating and the quartz tube
is the main problem in the preliminary syntheses of Cs,Zn3Sey4
and Cs,Zn;Tey. Better methods of encapsulating reactants are
needed in future syntheses.
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FIG. 5. (Color online) Formation energies of native defects in (a)
Cs,Zn3Sey4 and (b) Cs,Zn;Tey calculated using chemical potentials at
the point B in the phase diagram (see Fig. 2), which corresponds to the
chalcogen-rich limit. The slope of a formation energy line indicates

the charge state of the defect. The Fermi level at which the slope
changes is the charge transition level defined by Eq. (2).

E. Native defects in Cs,Zn3;Se; and Cs,Zn;Tey

Native defects play an important role in hole generation
and compensation in p-type TCMs. For example, cation
vacancies and anion interstitials (acceptors) typically generate
holes and thus are useful native defects in p-TCMs, whereas
anion vacancies and cation interstitials (donors) compensate
acceptors and therefore are detrimental to the performance of
the p-TCMs.

Figure 5 shows the calculated formation energies of native
point defects (including vacancies, interstitials, and antisites)
in CsyZn3Ses and CspZnsTes. The defect formation energies
are calculated using chemical potentials at point B in the phase
diagram (see Fig. 2), which corresponds to the chalcogen-
rich limit. The results show that the dominant native acceptor
is Cs vacancy (Vcs), while the main native donors are Zn
interstitial (/z,) and anion vacancy (Vse or V). The formation
energy of the lowest energy native acceptor (V) crosses that
of the lowest energy native donor (/z,) in the lower part of the
band gap for both Cs,Zn3Ses and Cs,ZnsTes. The crossing
point pins the Fermi level in the undoped materials. Therefore,
the undoped Cs,Zn3;Ses and CsyZnsTes should be p-type.

PHYSICAL REVIEW B 90, 184104 (2014)

P-type doping may further lower the Fermi level. However, the
formation energy of Iz, in both Cs;Zn3Se4 and CsyZn;Tey is
very low. It decreases with decreasing Fermi level and becomes
negative before the Fermi level reaches the VBM, thereby
limiting the free hole concentration in the valence band.

The low energy of Iz, is related to the structure of
CsyZn3Chy. As discussed in Sec. III A, there are hollow
Chy tetrahedra in the [Zn;Cha]*~ layer. For example, the
four chalcogen ions in Fig. 1(b) (labeled by 1-4) form a
tetrahedron with a vacancy at the center. These vacancies
provide near-perfect sites for Zn interstitials, each of which
can form four Zn-Ch bonds, resulting in a low formation
energy. The low coordination number (3) of the Ch ion in
the Zn-deficient [Zn3;Chs]*~ layer also leads to low formation
energy for the Ch vacancy, which is also an important native
donor defect.

IV. DISCUSSION

CsyZn3Chy proposed in this paper has a layered structure
with alternating cation (Cs*) and anion ([Zn3;Chy4]>") layers,
similar to the layered oxychalcogenides such as LaCuOChHh,
which have alternating [LaO]™ and [CuCh]™ layers. In
Cu-based layered oxychalcogenides, the valence band is
made up of hybridized Cu-3d and chalcogen p states. Such
hybridization raises the VBM and reduces the band gap.
Cs,Zn3Se4 and CsyZn;Tey proposed in this paper do not have
Cu, which contributes to their larger band gaps. However,
replacing Cu with Zn requires a Zn-deficient [Zn3;Ch4] layer
to restore the charge of the layer. This results in Zn vacancy
sites that are perfect for accommodating Zn interstitials (native
donors) and causes a problem for p-type doping, as shown in
Sec. III E. This problem highlights the difficulty of increasing
the band gap without introducing compensating native defects
[64].

Adopting chalcogen-rich conditions during crystal growth
and using postgrowth annealing under chalcogen vapor can
suppress the formation of Iz, and V;,. However, the calculated
defect formation energies show that even at the chalcogen-rich
limit (point B in the phase diagram in Fig. 2), the Fermi level
cannot be lowered to the VBM by p-type doping due to the
spontaneous formation of native donor defects (e.g., Iz,) when
their formation energies become negative (see Fig. 5). Further
increasing the chalcogen chemical potential beyond that at
point B in Fig. 2 would lead to the formation of chalcogen-rich
phases, such as Cs,Chs. Therefore, nonequilibrium growth
should be the key to allow higher chalcogen chemical potential
without forming the chalcogen-rich secondary phases, thereby
suppressing the formation of native donor defects (i.e., Iz, and
Ven ) [65-68].

Low-temperature non-equilibrium growth techniques such
as molecular beam epitaxy and metalorganic chemical vapor
deposition have been shown to significantly increase the
dopant concentration over solid solubility without forming
secondary phases [69,70]. In nonequilibrium growth meth-
ods, the chemical potentials of constituent elements can be
moved beyond thermal-equilibrium phase boundaries without
forming secondary phases because thermal equilibrium cannot
be reached at low growth temperatures, and surface kinetics
prevents atomic migration and formation of secondary phases
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[65-68]. The same approach can be applied to managing
native defects in semiconductors. Under low-temperature
non-equilibrium growth conditions, it is possible to obtain
chalcogen-rich and Zn-poor conditions beyond the thermal-
equilibrium phase boundaries for Cs,Zn3;C h4 while not form-
ing chalcogen-rich phases (e.g., Cs, Ch3). This should suppress
the formation of native donor defects (e.g., Zn interstitial) and
further lower the Fermi level towards the valence band.

V. CONCLUSIONS

We predict ternary chalcogenide compounds, Cs,Zn3Ses
and Cs;Zn3Tey, as potential p-type TCM based on design
rules and first-principles calculations, followed by successful
experimental synthesis and early characterization. Structures
of CsyZn3Ses and Cs,ZnsTey are predicted based on den-
sity functional calculations and confirmed by experiments.
Cs,Zn3Ses and Csp;ZnsTey are stable under ambient air
and display large optical band gaps (calculated to be 3.61
and 2.83 eV, respectively). The band gap of Cs,Zn3Sey is

PHYSICAL REVIEW B 90, 184104 (2014)

sufficiently large for a TCM, whereas that of Cs,ZnsTe, is
slightly below the target of >3.1 eV. Despite having layered
structures, the light hole effective masses of Cs,Zn3;Se4 and
Cs,Zn3Tey are calculated to be small in all three dimensions
(0.5-0.77m). Strong hybridization between the [Zn3;Ch4]
layers across the one-atom-thick Cs layer leads to highly dis-
persive valence band in the /-Z direction. The combination of
large band gaps and small hole effective masses of Cs,Zn3Seq4
and Cs,Zn3Te, compare favorably with other proposed p-type
TCMs. Defect calculations show that undoped Cs;Zn3Se,4 and
CsyZn;Tey are p-type materials. However, the free hole con-
centration may be limited by low-energy native donor defects,
e.g., Zninterstitials. Nonequilibrium growth techniques should
be useful for suppressing the formation of native donor defects,
thereby increasing the hole concentration.
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