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The high p-type conductivity in Cu-excess CuAlS, reported from a recent experimental paper is not well understood as it is not supported by earlier

theoretical studies. We found that Cu can be heavily doped at the Al site and can form compensated defect bands to shift up the valence band,
leading to shallow acceptor levels under a Cu-excess condition. In particular, Zn doping at the Al site in Cu-excess CuAlS; has been suggested as
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a promising approach to improving the p-type conductivity in Cu-excess CuAlS,. © 2016 The Japan Society of Applied Physics

ransparent conductive materials (TCMs) have at-

tracted much attention since they possess the unique

combined properties of the transparency of glass and
the conductivity of metals.!? The most popular TCMs are all
n-type materials, including Sn-doped In,O3; (ITO),* F-doped
Sn0, (FTO),» and Al-doped ZnO (AZO),” which are used
for front surface electrodes of solar cells and flat-panel
displays, low-emissivity windows, touch panel controls, and
so forth.”” The development of functional p—n junctions
composed of all TCMs” is extremely attractive, since it is
expected to open up an era of “invisible electronics”.®) The
p-type doping of these commercialized n-type TCMs appears
pessimistic despite various attempts.” The difficulty in p-type
doping in these binary oxides is due to the deep valence band
maximum (VBM) dominated by the deep O-2p states,” thus
leading to the localized holes close to the oxygen atoms and
deep acceptor levels.

In 1997, a design principle called “chemical modulation
of the valence band” was proposed by Hosono and co-
workers.!? Using the fully filled Cu-3d levels with low
binding energy to hybrid with the deep O-2p states, the new
compound will possess the VBM from an antibonding
state between Cu-3d and O-2p states and thus has a much
higher valence band to favor the p-type conductivity. They
firstly reported'” that the delafossite structure CuAlO, film
possessed a conductivity of 1.0 S-cm™' at room temperature.
Following that study, other Cu-based delafossite-type oxides
such as CuBO,,'" CuScO,,'? and CuCrO,'® were reported
to have p-type conductivity. However, their conductivities
are still 3—4 orders lower than those of well-established
n-type TCMs.

Cu-based sulfides with a suitable band gap, such as
CuAlS,'*? and BaCu,S,,>*> have also been studied as
TCMs, since the valence states of sulfur are higher than
that of oxygen. A number of experimental and theoretical
works'42?» have focused on the nonstoichiometric or
element-doped CuAlS, as a promising TCM. Through extrin-
sic Mg and Zn doping at Al, p-type conductivities have
reached 41.7 and 65.3S-cm™! in CuAlyosMg06S,'® and
CuAlyoZng ;S,'” samples, respectively. The highest p-type
conductivity!® with 247.5S-cm™' among all reported
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CuAlS;-based TCMs has been achieved in CuyggAljg,S,,
which is even higher than the highest p-type conductivity
(i.e., 220S-cm™! in the CuCryosMgg 5O, sample'®) among
all the p-type delafossite TCMs. On the other hand, on the
basis of the theoretical calculations of various defects**? in
CuAlS,, the p-type defects Vcu, Cual, Mgay, and Znya; can
have low formation energies and should be the dominant
defects under certain growth conditions. The high p-type
conductivity in CujggAl92S,, however, is still a puzzle as
Cuy; was reported to have a deep transition level.>%22)

In this work, we have studied the electronic structure
and defects in Cu-excess CuAlS, systems by first-principles
calculations. Our results show that the valence band shifts
up with increasing Cu content owing to the contribution of
Cu-3d states to the VBM, coupled with the decrease in Cu—S
bond length. Under the Cu-excess condition, the acceptor
transition level €(0/—) of Cup” can decrease from 0.44 to
0.14 eV, which markedly improves the conductivity of the
CuAlS; system. In addition, we suggest that Zn doping at the
Al site in Cu-excess CuAlS, samples is a promising approach
to increasing further the p-type conductivity.

Our first-principles calculations have been carried out on
the basis of the density functional theory (DFT) as imple-
mented in the Vienna ab initio simulation package
(VASP).2%?) The Perdew—Burke—-Ernzerhof gradient-cor-
rected functional®® is used with corrections for on-site
Coulomb interactions for strongly correlated systems. Gener-
alized gradient approximation typically underestimates the
correlation of localized orbitals of 3d transition metals, and
the Hubbard U modification provides an approximate correc-
tion for this shortcoming. The values of Uy employed for the
Cu-3d and Zn-3d states are 5.2 and 6.5eV, respectively,
which are consistent with the values determined in previous
studies.?*”) To describe the interactions between the valence
electrons and the core, the projector augmented wave imple-
mentation®" was used. The energy cutoff of 550eV was used
for all the calculations. For the CuAlS; unit cell, the special
k-point sampling over an 8 x 8 X 4 Monkhorst—Pack mesh*?
was used. CuAlS; has a chalcopyrite structure (space group
number: 122), which is analogous to a zinc-blende structure
with its cations substituted by two types of cations alter-
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Fig. 1. Partial densities of states (PDOSs) of Cu-3d, Al-3s, and S-3p,4s in

CuAlS; (a) and the PDOSs of Cu-3d of the Cua® defect and Cu atom in one
Cup® in CuAlS; 64-atom (b) and 32-atom (c) supercells.

natively along the [001] direction. Our calculated lattice
parameters and the anion displacement parameter of CuAlS,
are a=b=5362A, c=10.526A, and u =0.259, in good
agreement with the experimental measurements a =b =
5334A, ¢=10444A and u=0.268. Our calculated
lengths of Cu-S and Al-S bonds are 2.336 and 2.277 A
respectively.

For the calculations of defect systems, V2x A2 %1
supercells containing 32 atoms and 2 X 2 X 1 supercells con-
taining 64 atoms are used. Here, we point out that the
Cuy4,Al;_,S, samples can maintain the chalcopyrite structure
under the variation x up to ~10%,'* which corresponds to our
supercells in the calculations. Owing to the heavy doping
concentration in the systems, all the supercell parameters
including the lattice constants and internal coordinates are
fully relaxed throughout this work. The k-point meshes of
6 X6 x4 and 4 X 4 X 4 are employed for the V2x /2% 1
and 2 X 2 X 1 supercells, respectively.

Generally, the VBMs of the Cu-based chalcopyrite com-
pounds Cu-III-VI, (IIT = Al, Ga, In, VI=S, Se, Te) come
from the antibonding state of the Cu—VI bond. One reason for
this is that the fully filled Cu-3d state has a low binding
energy and results in a high valence band.* Figure 1(a)
shows the partial densities of states of Cu-3d, Al-3s, and
S-3p,4s in pure CuAlS,. The majority of the lower valence
bands (i.e., the Cu—S bonding state around —6 to —3 eV with
respect to the Fermi level) are dominated by Cu-3d and S-3p,
and the majority of the upper valence bands (i.e., the Cu-S
antibonding state around —3 to —0eV) are dominated by
Cu-3d with a notable contribution from S-3p. Although the
chalcopyrite compounds with large defect concentration can
maintain their original crystal structure,'*3%37 the electronic
structure may change under a marked composition variation.
Figures 1(b) and 1(c) show the partial densities of states of
Cu 3d of two different Cu atoms in the CuAlo—doped CuAlS,
64- and 32-atom supercells, respectively. One observes that
the Cu-3d level of the defect Cuy,” can shift to a much higher
energy position compared with the Cu atom far from the
Cuy,” defect. The bond lengths of Cux’-S are 2.293 A (64-
atom supercell) and 2.289 A (32-atom supercell), which
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Fig. 2. Band offset among pure CuAlS,, one Cuu in a 64-atom supercell
(SC), and one Cuy® in a 32-atom supercell. With increasing Cuy”
concentration, the valence band shifts up. The calculated valence band
position changes (AE,) are 0.31 and 0.55eV [adopted average potentials
(APs) as reference energies] and 0.33 and 0.60eV [adopted core state
eigenvalues of 1s orbital (1s) as reference energies] when different reference
energies are chosen.

are clearly smaller than the bond length of Cu-S (i.e.,
2.336A) in pure CuAlS,. The bond lengths of Cu—S far from
the defect Cuy,” are 2.330 A (64-atom supercell) and 2310A
(32-atom supercell), which are close to that in pure CuAlS,.
Owing to the smaller Cua,’~S bond length and the stronger
bond interaction between Cu and S, the VBM from the Cu-S
antibonding state is expected to shift up with increasing Cupy,
concentration.

In order to investigate the change in VBM position with
Cuy; concentration, we have calculated the band offsets
among the supercells with different Cuy,® concentrations. The
band offset was calculated by a commonly used method.**-%)
The average potentials (APs) and the core state eigenvalues
of 1s orbital (1s) of host elements far away from defects are
chosen as the reference energies. The GGA band-gap error
was corrected using a scissor operator. From Fig. 2, one can
observe that the VBM shifts up with increasing Cup; con-
centration, in line with the results of the analysis of the
density of states. According to a recently recognized doping
limit rule,***" p-type doping can be fulfilled easily in
semiconductor compounds with high VBM, which stands for
low formation energy, and a shallow transition level can be
realized in the compounds with high VBM. This is the reason
for the p-type conductivity in Cu-based compounds, which
have high valence positions owing to the high Cu-3d orbital
energy. Shifting up the VBM has also been suggested as a
remedy to increase the p-type conductivity in the commer-
cialized n-type TCM hosts. For example, in order to increase
the p-type conductivity in zinc oxide, some methods aimed to
shift up the valence band have been proposed and conducted
by different research groups. Through an n- and p-type
codoping method,*” introducing a neutral impurity band
above the VBM to shift up the valence band has been used to
explain the p-type doping in (Ga+N)-codoped ZnO. Alloying
the same valence state elements with higher orbital energy
has also been proposed. Since the 3p-orbital energy of sulfur
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Fig. 3. Calculated acceptor defect levels £(0/—) of Cuy; and Zny based on
two different hosts [i.e., pure CuAlS, and one Cuy >~ existing in a 64-atom
CuAlS; supercell (SC)].

is higher than the 2p-orbital energy of oxygen, alloying S
in ZnO can shift up its valence band*® and decrease the
acceptor transition level, which is suggested to increase its
p-type conductivity. Here, we find that heavily doping certain
intrinsic defects (i.e., a large composition of a certain com-
ponent) can also help shift up the valence band and improve
the p-type conductivity. Figure 2 shows that the valence band
shifts up around 0.3 and 0.6eV (a consistent result from
two different adopted reference energies, i.e., the average
potentials and the core state eigenvalues of 1s orbital) after
introducing one Cuy,” in 64- and 32-atom supercells, respec-
tively. The change in the original electronic structure may
have a marked effect on the defect transition level.

In our earlier works,'>2? we studied the defect formation
energy and transition level by conventional supercell
methods.***> In order to overcome the problems from the
adopted limited supercells, we have used well-accepted
corrections*** to reproduce an unlimited doped supercell,
which corresponds to a negligible composition variation of
the host. Our calculation suggests that the p-type defect Cuy,
has the lowest formation energy and should be the dominant
defect under Cu-rich and Al-poor conditions.?”’ On the other
hand, the acceptor transition level £(0/—) of Cuy, is deep and
located at 0.44eV above the VBM,2? which is consistent
with the other calculation results (i.e., 0.44 eV from Ref. 21
and 0.48 eV from Ref. 22). Owing to the deep transition level
of Cu,;, our calculated hole concentration is just around
~7.8x 10"cm™ at room temperature under the Cu-rich
and Al-poor conditions. From these calculation results, it is
difficult to explain the good p-type conductivity (247.5
S-em™') and large hole concentration (7.3 X 10" cm™3) in the
Cul_ogAlo_ggsz sample. 19

When the composition significantly deviates from that of
the ideal compounds, we need to calculate the new defect
transition level using the modified supercells (i.e., supercells
with a large concentration of specific defects). First, we
adopted the defect transition levels from our former works.?”
Then, we calculated the change in the defect transition
level after one neutral Cua >~ defect existed in the supercell.
Owing to the VBM shifting up because of Cun’~, the
acceptor transition level €(0/—) of another Cu,? decreases by
0.30eV and reaches 0.14eV (Fig. 3). In order to reproduce
the hole concentration, we assumed that the charged
Cup>~ defect does not supply and only the neutral Cuy/
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defect supplies the hole in the supercell containing two
Cuy; defects. Using the Boltzmann distribution law [c] =
Npexp[—&(0/—)/kg - T] and assuming the effective Cup
concentration Np of 8.3 x 10®cm™ (i.e., half of Cuy; in
the 64-atom supercell containing two Cuy; defects) and the
room temperature 7 of 300K, the hole concentration can
reach 4.0 x 10'8 cm™, significantly improving the agreement
with the experimental result'? (i.e., hole concentration with
7.3 x 10" cm™ in the Cu, ¢gAly9,S, sample). Of note, it is
difficult to have the theoretical hole concentration perfectly
agree with the experimental value since it is very sensitive to
the transition level. If the acceptor transition level &(0/—) of
Cuy, shifts to 0.06eV, the experimental hole concentration
will be reproduced. Nevertheless, the marked decrease in
the acceptor transition level makes us reconsider the defect
formation energy and transition level in the samples with a
large defect concentration.

From our earlier studies,”” we learned that the p-type
defect Zny, already has a shallow acceptor transition level,
which may further decrease in the Cu-excess samples. The
Cu-rich and Al-poor conditions are also suitable for sub-
stituting Al by Zn. Zn substituting at the Al site other than the
Cu site does not affect the valence band position since Zn at
the Al site does not change the electronic state around the
VBM, which is largely affected by the amount of Cu. Our
calculated acceptor transition level €(0/—) of Znya; decreases
by 0.12eV and reaches 0.02 eV after using the supercell with
~6% Cua>~, which means that Zny; can supply the hole to
the host effectively in Cu-excess CuAlS, samples. Thus, our
results suggest that Zn doping at the Al site in Cu-excess
CuAlS; samples is a promising approach to increasing further
the p-type conductivity.

In summary, we have investigated the changes in valence
band position and defect transition level in Cu-excess CuAlS,
with a large composition variation. The acceptor transition
level €(0/—) of Cuy,; decreases owing to the shifting up of the
valence band position in Cu-excess CuAlS,. Our calculated
results can qualitatively explain the high p-type conductivity
in Cuj ggAly92S,. Owing to the shallow acceptor transition
level £(0/—) of Zny; in the samples containing ~6% Cua?,
our results suggest that Zn substituting at the Al site in
Cu-excess CuAlS; is a promising approach to improving the
p-type conductivity.
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