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DFT+U studies of Cu doping and p-type
compensation in crystalline and amorphous ZnS

Hieu H. Pham,a Gerard T. Barkemab and Lin-Wang Wang*a

Zinc sulfide is an excellent candidate for the development of a p-type transparent conducting material

that has great demands in solar energy and optoelectronic applications. Doping with Cu is one potential

way to make ZnS p-type while preserving its optical transparency for the solar spectrum; however, this

is limited by the extremely low solubility of Cu in ZnS and charge compensation mechanisms that

eliminate the p-type characteristics. These mechanisms are different in crystalline (c-ZnS) and

amorphous structures (a-ZnS), leading to different tendencies of doping Cu in these two ZnS phases, as

well as the feasibility to form the p-type material. In this work, we have carried out fundamental studies

of Cu doping in both c-ZnS and a-ZnS, using the continuous random network model and density

functional theory with Hubbard’s energy correction (DFT+U). The formation of a complex that contains

two CuZn and one S vacancy is highly favorable in both phases. The local environment of this charge-

compensated Cu complex obtained by DFT calculations agrees well with the previous EXAFS

measurements. The incorporation of Cu into a-ZnS, on the one hand, is more tolerable compared to its

crystal counterparts (zincblende), indicating possible higher Cu concentration. On the other hand, there

is also another intrinsic mechanism to compensate the p-type characteristics in a-ZnS: the formation of

the covalent S–S ‘‘dumbbell’’ units. This reconstruction of the local structure to form a S–S bond could

occur spontaneously, thus making the p-type doping for ZnS challenging even in the amorphous phase.

1. Introduction

Transparent conducting materials (TCMs) play an essential role
in the performance of many devices for electronic applications,
including photovoltaics, light emitting diodes and transparent
thin film transistors.1,2 However, only n-type TCMs have been
successfully developed to date for commercial use; for example,
impurity-doped zinc oxide, indium oxide and tin oxide are
among the most popular ones.3 The development of p-type
TCM thin films, including oxides with delafossite structure (e.g.
CuMO2 and AgMO2, M = trivalent cation) and spinel structure
(e.g. NiCo2O4), mixed oxides, (e.g. In2O3–Ag2O, SnO2), non-oxide
materials (e.g. BaCu2S2), etc.,2,4–6 is still an active research area
since the first report of high p-type conductivity in CuAlO2.7 In
fact, developing p-type TCMs is difficult because many trans-
parent materials have a relatively low valence band edge, which
makes it difficult to be doped as p-type due to either the doping
limit rules8,9 or compensation mechanisms.10 But for many
junction device applications, both n-type and p-type TCMs are
essential.7,11,12 ZnS-based materials have been extensively

studied and have shown their potential for this purpose.13–16

They have a suitable band gap that guarantees no absorption
in the visible range, however exhibit a limited conductivity.
Copper sulfide materials CuxS, on the contrary, are highly
conductive but not transparent to wavelengths in the solar
spectrum, due to their small band gap.17 Many attempts have
been made to dope Cu into the ZnS matrix to improve the
conductivity.12,18 The challenge here partially lies in the significant
dissimilarity in the crystal structures of zinc sulfide and copper
sulfide that makes their alloys difficult to form. As a result, Cu is
only soluble in ZnS up to a concentration of about 400 ppm.19

Instead, Cu would be found either near the surface of the ZnS
nanoparticles or in phase separated CuS or Cu2S precipitates.19–21

One common technique is to use co-activators such as Al3+,
Ga3+, In3+, Cl� or Br� for charge compensation to stabilize Cu in
the host lattice.22 Besides the difficulty in doping ZnS with Cu,
another problem is the formation of compensating defects (or
defect complexes), which can kill the charge carriers (holes).
Another issue that has drawn attention is the formation of
highly disordered phases, i.e. amorphous structures. The dopability
in crystalline and amorphous structures could be drastically
different, so are their typical charge compensation mechanisms.
In general, the introduction of holes depends on multiple
factors; including the formation and ionization energy of charge
producing defects, as well as the formation energy of charge
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killing defects.23 Therefore, it would be interesting to know
whether it is more favorable or challenging to form p-type ZnS
in amorphous structure, in regard to both Cu doping limits and
charge balance mechanisms. In this work, we will investigate
the structural characterization, electronic properties and several
typical p-type compensation models of Cu doping in both
crystalline (zincblende c-ZnS) and amorphous (a-ZnS) phases,
using first principles calculations.

Relative to the crystalline counterparts, the amorphous
structures are highly favorable for solar cells and flat-panel
display applications, due to the cost-effectiveness of growth and
deposition techniques as well as their ability to form a smooth
interface with large-area substrates of different lattice constants.24

In fact, the low-temperature synthesis of amorphous materials
has become standard and their use is ubiquitous. It was shown
that the amorphous films could exhibit superior properties and
significantly improve the performance of many photoelectric
devices.24–27 Additionally, experimental studies have suggested
that the nanoparticles or quantum dots, which have been
extensively investigated for next-generation solid-state lighting
applications, favorably adopt the core–shell structure, and the
shell is often composed of the amorphous phase.27–30 While the
tendency of forming p-type c-ZnS and compensation mechanisms
that eliminate the p-type characteristics have been investigated
both experimentally and theoretically,12,31 the situation in a-ZnS is
rather unknown.

The study of the amorphous materials is nontrivial because
the definition of a realistic amorphous structure could be
ambiguous. Here we have employed a continuous random network
approach (CRN) to construct well-relaxed atomic configurations of a
model amorphous ZnS. The electronic structure of this Cu-doped
ZnS system, together with its zincblende counterpart, is then
investigated by density functional theory (DFT), including the hybrid
functional (HSE06)32 and the GGA+U.33 The Cu doping and alloying
in wurtzite ZnS have also been studied by our group through ab
initio calculations.12 It was found that the most predominant defect
is the CuZn

� antisite when the Fermi energy is above the valence
band edge. However, this previous study has not addressed the
issue of the amorphous structure and charge-compensated
complexes such as VSCuZnCuZn. Those are the issues we inves-
tigate in this work and we find that: (i) despite the structural
disorder, the CRN amorphous ZnS model has no mid-gap states
(even though its band gap is narrower than its crystal counter-
part); (ii) the formation energy of the Cu dopant in the amorphous
ZnS is significantly lower than that in the zincblende system,
which suggests a higher solubility of Cu in the amorphous phase;
(iii) in both c-ZnS and a-ZnS, the formation of the S vacancy (VS)
adjacent to CuZn is thermodynamically favorable (by several eV),
compared to the separated configurations. In this context, the
Cu–S and Zn–S bond distances are reduced as Cu and Zn are
pushed away from the S vacancy and towards three remaining S
nearest neighbors. This agrees with experimental observation
using the EXAFS technique;31 (iv) in the amorphous structure, a
hole killer upon Cu doping could be prominent: the formation
of covalent S–S ‘‘dumbbell’’ units, which are similar to those in
covellite CuS and pyrite-type Cu2S structures.34,35

2. Computational details

Currently the best approach for the generation of well-relaxed
covalent amorphous semiconductors and glasses is the CRN
approach of Wooten, Winer and Weaire.36 Starting from the
crystalline diamond structure, local bond switches rapidly
transform it into a low-strain amorphous structure free of
coordination defects. In this work, the CRN approach, adapted
to generate binary alloys,37 was used to generate a number of
initial a-ZnS structures containing between 64 and 200 atoms.
The obtained systems (amorphous) were then used for further
atomic relaxation by first-principles calculations.

Density functional theory (DFT),38 as implemented in the
Vienna ab initio Simulation Package (VASP),39 was employed to
perform first-principles calculations. Most calculations used
the electron projector-augmented wave methods40 with the PBE
generalized gradient approximation (GGA) exchange–correlation,41

plus on-site Zn and Cu d state U corrections (DFT+U, or say
GGA+U),33 otherwise noted. A plane-wave cut-off of 450 eV was
used and the magnetic moment was accounted for by performing
spin-polarized energy calculations. The values of U = 7.0 and 6.0
were used for the Coulomb corrections to the Zn and Cu 3d states,
respectively, which have shown to reproduce well the electronic
structure and ground-state properties of ZnS and Cu2O.42–44 For
the k-space sampling, we used a 3 � 3 � 3 Monkhorst–Pack grid45

for the 64-atom supercells (both c-ZnS and a-ZnS). For hybrid
calculations (HSE06), a 2 � 2 � 2 grid was used.

The formation energy of Cu substitution (Cu replacing Zn)
with charge state q is calculated as follows:46

DH(Cuq) = E(Cuq) � E(clean) � (ECu + DmCu)

+ (EZn + DmZn) + q(eVBM + EF + Dn) (1)

where E(Cuq) and E(clean) are the total energies of the super-
cells with and without the defect (Cu substitution). DmCu and
DmZn are the elemental chemical potentials of Cu and Zn,
referenced to the DFT elemental energy ECu and EZn of their
ground states (we used the crystal structures of face-centered
cubic Cu and hexagonal-closed pack Zn). For simplicity and the
purpose of comparison between the crystalline and amorphous
models, we assume the metals in their rich conditions, i.e.
Dm = 0 for both Cu and Zn (the formation energy difference
between c-ZnS and a-ZnS will not depend on these Dm values).
EF is the Fermi energy level referenced to the valence band
maximum (VBM) eigenenergy of the bulk ZnS system, and eVBM

is the VBM eigenenergy of the bulk system when the averaged
Hartree potential is set to zero. The term Dn is added for the
correction of the electrostatic potential caused by the limited
size of the supercell, obtained from the shifting of the 1s core-
level energy of a Zn atom (located far away from the defect site)
between the neutral impurity and charged cases. A similar
procedure was adopted for the calculation of the S vacancy, in
which the sulfur-6 structure was used as the ground state ES.
The values are presented for S poor conditions, i.e. DmS =
DHf(ZnS) =�2.0 eV12 to maintain the thermodynamic equilibrium
between Zn, S and ZnS (DmZn + DmS = DHf(ZnS)).
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3. Results and discussion
3.1. Structural characterization and effects of amorphousness
on the band structure

The radial distribution functions (RDF) for Zn–S, Zn–Zn and
S–S pairs of the amorphous and zincblende crystals are presented in
Fig. 1. In fact, CRN amorphous systems of different sizes (containing
between 64 and 200 atoms) were also calculated and they have
similar structural characteristics after the relaxation by DFT. The first
peaks are located at the same distances in both phases, which
indicates that most of the local Zn–S bonding and tetrahedral ZnS4

configurations are preserved in the amorphous structure. The
distribution of the coordination number for Zn is shown in Fig. 2,
using a cut-off distance of 2.6 Å. It showed a significant amount of
Zn (and S) in a-ZnS that has a ‘‘non-perfect’’ coordination number
(3-fold instead of 4-fold coordination). This however slightly
depends on the cut-off distance used for defining the bonding.

The calculations on the electronic properties of amorphous
ZnS to this end will be performed on the 64-atom sample, and

for comparison we used a zincblende supercell with the same
number of atoms. Interestingly, the amorphous ZnS has a clean
band gap (Fig. 3) despite a noticeable structural disorder and
non-perfect coordination numbers. This is in contrast to many
other covalent-bonded semiconductors, where non-perfect
coordination often leads to mid-gap states.47,48 In addition,
Zn and S contribute to both VBM and CBM in either structure
(amorphous and crystalline). In order to correct the well-known
band gap underestimation by GGA, we performed additional
calculations with the non-local hybrid functional (HSE06),32

using the pre-optimized structures from the DFT+U method.
The hybrid calculation yielded a band gap of 3.45 eV for
zincblende ZnS, which is close to the experimental measurements
(B3.5 eV).49,50 However, a large reduction of the band gap was
observed upon amorphization (2.75 eV from the HSE06 calculation).
The a-ZnS density obtained by DFT+U (3.75 g cm�3) is significantly
lower than the corresponding zincblende ZnS value of 4.16 g cm�3

(the experimental value is 4.09 g cm�3 51). Despite this difference in
density, the average Zn–S bond distance in the amorphous phase
(d avg = 2.35 Å, calculated for all 4-fold coordinated Zn) is still
comparable to that in the crystal (2.32 Å). Further experimental
verification is probably needed to shed light on whether the band
gap reduction is caused by the ‘‘imperfectness’’ of the amorphous
model, or is an intrinsic feature of the ZnS amorphous structure.

3.2. Cu doping in crystalline and amorphous ZnS

Fig. 4 displays the formation energy calculations for CuZn

(substitution of Zn by Cu) and VS (S vacancy) defects in the
amorphous and zincblende ZnS at various charge states. Note
that, in the a-ZnS case there are different sites to replace Zn
and/or remove S, which could yield different formation energies.
The reported values in Fig. 4 are the lowest formation energy ones
for the corresponding impurity species. They represent possible
defect sites in an actual amorphous system. The defect sites were
chosen as described in the following. It was seen that the valence

Fig. 1 Radial distribution functions g(r) for (a) Zn–S, (b) Zn–Zn and (c) S–S
pairs of the zincblende (c-ZnS) and amorphous (a-ZnS) zinc sulfide
models.

Fig. 2 Coordination number distribution of Zn (left) and the relaxed
structure of the 64-atom amorphous ZnS model (right). The cutoff
distance for calculating the neighbors r = 2.6 Å and DFT+U was used for
the atomic relaxation after the structure was generated by the CRN
method. Dark sphere – Zn and light sphere – S.

Fig. 3 Density of states of crystalline and amorphous ZnS calculated
using DFT+U and HSE06. The pre-optimized structures obtained from
DFT+U were used for the hybrid calculations.
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band maximum (VBM) and conduction band minimum (CBM)
states of the amorphous ZnS are localized on some sulfur and zinc
atoms, respectively, instead of being delocalized all over the
supercell. Those Zn and S are then used as the most favorable
sites for the corresponding defect formation. Our calculations
indicated that they all follow the trend in which the formation
of defects in a-ZnS is energetically more favorable than its crystal-
line counterparts. This observation is consistent with what was
reported for other amorphous materials.52 This further suggests
that the Cu solubility limit could be higher in the amorphous
phase. Also, the acceptor ionization level (transition energy levels
from CuZn

0 to CuZn
1�, Fig. 4) is slightly shallower in a-ZnS,

compared to that in c-ZnS.
Our calculations show that the substitution of Zn by Cu

results in a hole in the valence band, indicating the presence of
Cu1+ (in other notation, CuZn

1�) instead of Cu2+. The Fermi
level is shifted into the valence band in which the shifting
depth depends on the amount of Cu content (Fig. 5a–d). This
electronic characterization denotes a p-type metallic conductor.49

The density of state (DOS) calculations also showed that the
incorporation of Cu only makes contributions to the valence band
edge that slightly narrows the band gap (in both crystalline and
amorphous systems), instead of inducing any mid-gap states.

3.3. Intrinsic charge compensation models for Cu doping:
S vacancy and S–S bonding

Charge-compensated complex of an S vacancy and two
substitutional Cu (VSCuZnCuZn). It is believed that the doping
of Cu could be significantly enhanced if there were a mechanism
to balance the charges (holes) induced by its +1 oxidation state,
thus helps stabilize Cu in host lattice ZnS. Fig. 4 presents the
calculations of separate VS and CuZn. When the Fermi energy is

close to the valence band edge, the formation of V2+ (which can
compensate the free hole carrier) in c-ZnS is not very likely (only
has a rather small negative formation energy). Meanwhile, its
introduction into a-ZnS is more feasible (with a large negative
formation energy). Nevertheless, the possibility of defect clusters
was not considered in Fig. 4. Based on experimental measure-
ments, many such complexes have been proposed, including: two
CuZn

1� adjacent to a sulfur vacancy VS
2+, one CuZn

1� next to ClS
1+

(substitution of S by Cl), and a complex of two CuZn
1� and one

interstitial Cui
2+.31 Here, we will only investigate the situation of

two CuZn
1� adjacent to a sulfur vacancy VS

2+. In Fig. 6, we present
the local structural relaxation induced by the S vacancy in the
zincblende system. When the sulfur atom is removed at its neutral
state (VS

0), the surrounding Zn atoms are relaxed towards the
vacancy site, subsequently increasing the bond distance with

Fig. 4 Formation energy of Cu substitution (CuZn) and the S vacancy (VS)
as a function of Fermi energy in: (a and c) amorphous ZnS and (b and d)
crystalline ZnS. The crossing points show the transition energy levels
between different charge states. The positive slope means the positively
charged state, while the negative slope corresponds to the negatively
charged state. The results (GGA+U) were calculated for Cu-rich, Zn-rich
and S-poor conditions.

Fig. 5 Density of states of amorphous (a-ZnS) and zincblende (c-ZnS) at
different Cu contents (DFT+U calculations). In figures (a and b), one Zn is
replaced by Cu in the supercells. In figures (c and d), four Cu atoms
substitute Zn at corners of the same Zn–S tetrahedron. In figures (e and f),
the complex (of two CuZn and the S vacancy) also belongs to the same
tetrahedron configuration (as shown in Fig. 6d).

Fig. 6 Local structural relaxation induced by the S vacancy (VS) in crystalline
ZnS: (a) the perfect zinc blende structure, (b) the S vacancy at the neutral
charge state VS

0, (c) the S vacancy at its ionic state VS
2+, and (d) the S vacancy in

the complex with two neighboring CuZn. In (c) and (d), both Zn and Cu are
displaced away from the S vacancy and form planar configurations with three
remaining S atoms. Gray sphere – Zn, blue – Cu, and yellow – S.
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neighboring S atoms (Fig. 6b). However, under VS
2+, the neighbor

Zn is instead displaced away from the vacancy and could be found
near the center of the three remaining S atoms with shortened
Zn–S bonds (Fig. 6c). The preference of this flat triangle arrangement
over the tetrahedral symmetry is likely originated from the transition
from sp3 into the sp2 electron configuration as two electrons are
missing. The local environments are comparable between those
in Fig. 6c and d, where two substitutional Cu are further
introduced (which implies the Cu in the +1 charge state, or
CuZn

1�). The relaxation of the Zn atom to the planar configuration
is not caused by the Cu substitutions per se, but by the loss of
electrons to the two nearby CuZn defects, thus forming an
effective VS

2+ for the Zn-3S motif. As a result, the flat Cu-3S
configurations are also formed. Our calculations showed that
when this VSCuZnCuZn complex is formed, the defect formation
energy is reduced by DEf E 3.8 eV and 1.3 eV, respectively,
compared to the case of separate neutral and charged CuZn and
VS defects. This off-center displacement of Cu found by our
theoretical calculations is consistent with experimental observations
by Car et al. using the extended X-ray absorption fine structure
measurements (EXAFS) of Cu doping in ZnS nanocrystals.31 We also
observed the tendency of this VSCuZnCuZn complex formation in
amorphous ZnS. However, lower DEf values (B2.0 eV and 40 meV,
respectively, compared to the case of separate neutral and charged
defects) indicate that this mechanism of hole compensation could
be less pronounced in the amorphous structure.

Covalent S–S ‘‘dumbbell’’ pairs. In this subsection, we will
discuss another prominent mechanism for charge balance that
was seen in our a-ZnS simulations. The structure optimization
of the amorphous phase with high Cu doping has suggested the
possibility for the presence of S–S pairs (Fig. 7c), which
normally exist in crystals such as covellite CuS and pyrite-type
Cu2S.34,35 If this S–S bond is covalent, each of these ‘‘dumbbell’’
units can expectedly balance the charges induced by two CuZn

1�

(that correspondingly produce two valence band holes). Fig. 7
displays the DOS of the amorphous supercell that contains two
CuZn, before and after the formation of a S–S bond. The S–S
bond distance (Fig. 7c) was measured at approximately 2.1 Å,
comparable to that in both covellite and pyrite copper
sulfide.34,35 It was shown that the original hole states disappear
after the S–S bond is formed. Upon formation of a S–S dumbbell
pair, two empty states start rising in the middle of the band gap
and finally merge into the conduction band (Fig. 7b and c). The
formation energy of this S–S bond in the amorphous structure is
E S–S

f = �1.45 eV. Due to this negative value, the formation of a
CuZnCuZn(S–S) complex in a-ZnS could be automatic as its energy
(E comp

f = �1.89 eV) is smaller than that of two substitutional CuZn

without the S–S bonding pair (E 2Cu
f = 2.33 eV). These values in

c-ZnS are E S–S
f = �1.20 eV and E comp

f = �5.35 eV, respectively.
These numbers indicate that the formation of S–S dumbbell units
could be more pronounced in a-ZnS and not likely in c-ZnS. Note
that the introduction of S–S bonding pairs should be intrinsically
easier compared to the VS formation, since it only involves the
local distortion of surrounding atoms and does not require long
distance migration of S (to yield the vacancy). Our calculations
using the nudged elastic band method53 suggested that the

structure relaxation (around CuZn) to form a S–S covalent bond
in a-ZnS could occur spontaneously without any energy barrier in
some cases.

4. Conclusions

In summary, we have investigated the Cu doping in both
crystalline and amorphous zinc sulfide by the continuous
random network model and density functional theory calculations.
In the amorphous ZnS structure, the nearest neighbor Zn–S
bonding and local tetrahedral configurations are preserved. The
long-range disorder and imperfect coordination of Zn and S do not
induce defect states but do reduce the band gap, and also result in
the wave function localization of the band edge states. The cost of
doping in a-ZnS is energetically more favorable (easier) compared
to c-ZnS, probably due to the intrinsic structural disorder and
bonding frustration. Each substitution of Zn by Cu introduces a
valence band hole, which indicates the +1 oxidation state of Cu
and expectedly makes the material a metallic conductor of p-type.

However, there are various mechanisms that could readily
compensate these hole states in both crystalline and amorphous
ZnS, thus reducing the likelihood of p-type doping. One is the
presence of the sulfur vacancy at the 2+ charge state (VS

2+) when
the Fermi energy is close to the valence band edge (p-type). This
is particularly true for a-ZnS. Besides, the formation of a
VS

2+CuZn
1�CuZn

1� complex, which has much lower formation
energy than that of separated defects, could be more prominent

Fig. 7 The disappearance of hole states (at the VBM) by the formation of a
S–S bond in the amorphous structure (Cu2Zn30S32). Two holes exist when
two substitutional Cu atoms are introduced (a), but as the S–S pair distance
reduces (the red line, from (b) to (c)), those hole states rise up and disappear
into the conduction band (c). Gray sphere – Zn, blue – Cu, and yellow – S.
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in eliminating the hole carriers. In this defect complex, neigh-
boring Cu and Zn are displaced away from the vacancy and
towards the remaining S, forming a planar sp2 configuration,
which is consistent with experimental EXAFS observations.31 In
addition, another hole killing mechanism is the formation of
covalent S–S bonds in a-ZnS. When the Fermi energy is near
the valence band edge, we found that the formation energy of
the S–S pair is negative in a-ZnS, and the spontaneous formation
of this S–S dumbbell without a kinetic barrier height could be
possible. While the former mechanism (VS defect and VS complex in
c-ZnS) was already proposed by experiments,31 the latter one (S–S
pair) in a-ZnS needs further experimental investigations. All in all,
we find that, while it is energetically easier to dope a-ZnS with Cu
compared to c-ZnS, there are also more mechanisms to compensate
the p-type hole carriers in a-ZnS.
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