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In order to construct p—n homojunction of Cu,O-based thin film solar cells that may increase its conversion efficiency,
to synthesize n-type Cu;O with high conductivity is extremely crucial, and considered as a challenge in the near future. The
doping effects of halogen on electronic structure of CuyO have been investigated by density function theory calculations
in the present work. Halogen dopants form donor levels below the bottom of conduction band through gaining or losing
electrons, suggesting that halogen doping could make Cu,O have n-type conductivity. The lattice distortion, the impurity
formation energy, the position, and the band width of donor level of Cu,O_,Hy (H =F, Cl, Br, I) increase with the halogen
atomic number. Based on the calculated results, chlorine doping is an effective n-type dopant for Cu, O, owing to the lower

impurity formation energy and suitable donor level.
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1. Introduction

Cuprous oxide (Cu,0) is a very suitable material for so-
lar energy conversion, because it has many advantages, such
as simple composition and structure, abundant component el-
ements in the crust of the Earth , nontoxicity, and a direct
band gap of 1.9-2.1 eV. Therefore, it has been extensively in-
vestigated in the fields of solar cells,!'*! photocatalytic wa-
ter splitting,>~71 CO, reduction,® or photodegradation of
pollution.!”!1% As an absorber material for thin-film solar cells,
it was prepared by various experimental approaches,!!-!-18]
and its corresponding optoelectronic properties have also been
studied in detail. Up to now, the best energy conversion ef-
ficiency of Cu,O-based thin-film solar cells is only 3.83%.4]
In fact, the theoretical limit of the energy conversion efficiency
for CuyO-based thin-film solar cell is as high as about 20%, ac-
cording to Shockley—Queisser photo balance calculations.!’!

One reason for its low conversion efficiency is nonex-
istence of n-type Cuy0.1?°! Cuy0 is a spontaneous p-type
semiconductor, owing to the presence of a large amount of
copper vacancies, which acts as a shallow and efficient hole
producer.!?!! The self compensation effects make it difficult to
acquire n-type Cu,0, so it is particularly challenging to pre-
pare p—n homojunction of Cu,O. However, it is generally ac-
cepted that a p—n homojunction of Cu,O is the best way to in-
crease the efficiency of CuyO-based solar cells.[2%] Therefore,
the development of n-type Cu,O has become an important re-
search goal and is vital for the realization of high-efficiency
Cu;0-based thin-film solar cells. In the past decades, the
p—n homojuction of Cu,O solar cells has been fabricated by
two-step deposition process, but only showed a conversion ef-
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ficiency of 0.1% under AMI illumination.!'322-25] The low
efficiency is attributed to the high resistivity of p- and n-type
Cu,0, which needs to reduce the doping.'>??! On the other
hand, the origin of the n-type conductivity in these films is still
a matter of debate, with oxygen vacancies or copper antisites
being suggested as the source of donors.[*22627] For example,
Raebiger et al. considered that oxygen vacancies could not act
as a donor in CuyO because it has no ionization levels in the
band gap.[?!-28]

Doping is a common practice to control the con-
duction type and resistivity of CupO and the relevant
semiconductors.[**33 In our previous work, we reported
nitrogen-doped Cu, 0 is a perfect intermediated band material
for the novel kind of solar cells.**! However, the approach of
doping Cuy0 to make it n-type semiconductor has received
little attention. Recently, Han er al. reported n-type dop-
ing of Cu,0 films by chlorine during electrodeposition. 3>-36]
Other groups obtained similar results.[3”-38 The authors of
these literatures found that Cl-doped Cu,O has conductivity
of about one order of magnitude greater than the undoped ma-
terial, and chlorine acts as a donor in place of the oxygen.
Bai et al. adopted first-principles calculations to study the
n-type doping in Cu;O synthesized from an acidic solution
environment. [*%1 They found that F, Cl, and Br in substitution
of an atom have low formation energies and present an n-type
conduction behavior with donor levels below. Even though the
n-type conductivity of CuyO has been achieved, there remain
some open questions: the doping effects of halogen on the
electronic structure of Cu,O have not been reported in detail;
differences of the halogens have not been compared; and the
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intrinsic mechanism for halogen to improve the optoelectronic
properties of Cu,O has not been clearly elucidated yet. There-
fore, to solve these issues, the crystal structure and electronic
structure of halogen-doped Cu,O are studied by ultrasoft pseu-
dopotential plane wave method based on density functional
theory (DFT) framework in the present work. Based on the
calculated results, some previous experimental observations
are clarified.

2. Computational methods

The supercell model of halogen-doped Cu,O considered
in the present work is the same as our previous work.[**! In
the 2 x 2 x 2 supercell, one oxygen atom is substituted by
one halogen atom (F, Cl, Br, or I). Hence, the impurity con-
centration of halogen is also 2.08% (atomic fraction, equal to
1.6 x 10*! cm™3) in total.

For sake of comparison, we adopt the same computa-
tional methods as that in our previous work. The periodic den-
sity functional theory package is chosen as the Cambridge se-
rial total energy package (CASTEP) codes.**! The exchange—
correlation effects of valence electrons are described through
the generalized gradient approximation (GGA) within the
Perdew—Burke—Ernzerhof (PBE) function.*! The method of
GGA+U (U =U —J = 8.5 eV) is adopted to overcome the
well-known shortcoming of GGA.[*?! The energy cutoff is set
as 440 eV to expand the Kohn—Sham wave functions. The
minimization algorithm is chosen as the Broyden—Fletcher—
Goldfarb—Shanno (BFGS) scheme.!*3 Other details about the
computational model and method can be referred to our previ-
ous work.[?4]

3. Results and discussion

Firstly, the doping effects of halogen on crystal structure
of CuyO are analyzed, and the calculated results are listed
in Table 1. The crystal distortion caused by halogen dop-
ing is very small for all models, suggesting that Cu,O could
still keep its original exceptional photoelectric performance.

(a) (b)

Another critical parameter is the bond length between metal
and nonmetal, which is listed in Table 2. From these tables,
we find that the lattice distortion and the Cu-H bond length
are increasingly augmenting with increasing atomic number.
The impurity formation energies at neutral conditions, which
were calculated in Ref. [44], indicate that the halogen impurity
could be readily incorporated into the crystal lattice of Cu,O
under O-poor condition, i.e., reducing atmosphere. For these
four impurities, the impurity formation energy also increases
with the increase in atomic number. In the case of iodine dop-
ing, the impurity formation energy is positive under both con-
ditions, suggesting that it is relatively difficult to prepare I-
doped Cu,O material.

The calculated band structures of all supercells are illus-
trated and compared in Fig. 1. The important feature in the
cases of halogen doping is that the Fermi energy level shifts
upwards to the bottom of conduction band (CB), and across
the first energy level of CB. According to the definition of
semiconductor conductivity, the first energy level of CB acts
as the role of donor. This result indicates that the halogen dop-
ing could make Cu,0O have n-type conductivity. In different
cases of halogen doping, the position and band width of donor
level are different. For fluorine doping, the donor level is an
isolated state away from the CB with a gap of 0.05 eV, and
its bandwidth is about 0.85 eV. For other three halogen ele-
ments doping, the position of donor level moves upwards to
the bottom of CB, and completely overlaps with the bottom of
CB, resulting in the disappearance of gap between donor level
and CB. At the same time, the bandwidth of donor level also
broadens with increasing atomic number, as shown in Table 1.
The donor level introduced by the halogen doping and the re-
lated variation of its position and width, leads to the change in
the band gap of Cu,O host, as shown in Fig. 1 and Table 1.
For chlorine and bromine doping, the band gap is slightly nar-
rowed from pure Cu,O. While for iodine doping, the band gap
is almost equal to that of pure Cu,0. In the present work, we
find that the band gap of Cu,O;_,H, broadens with increasing
atomic number, owing to the donor level shifting and broaden.
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Fig. 1. (color online) The calculated band structure of (a) pure Cu,0, (b) CuyO;_,Fy, (c) CuyO;_,Cly, (d) CuyO;_,Bry, and (e) CuyO;_I;
along the high symmetry directions of the Brillouin zone. The blue lines represent the spin-up states, while the red lines represent spin-down

states.
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Fig. 2. (color online) The total and local partial density of states of (a) pure Cu;0, (b) CuyO;_Fy, (¢) Cu;0;_,Cly, (d) Cu;O;_,Br,, and
(e) Cup0;_,L. (a’)—(e’) The enlarged DOS for each model.
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Table 1. Calculated lattice distortion, impurity formation energy, band gap, and band width of donor level of

Cu,0O;_H, in the present work.

Impurity formation energy/eV

AalA AVIA3 - Band gap/eV ~ Band width/eV
Orich O poor
Cup0_,F, 0.0195  1.0541  2.6783 —2.6831 1.677 0.850
Cuy01_,Cl,  0.0477 25986  4.1352 —1.2262 1.993 1.188
Cu0y_,Br,  0.0654  3.5806  4.8986 —0.4628 1.964 1.154
Cup0_ I, 0.0864 47514  5.7315 0.3701 2.009 1.294

Table 2. Calculated Mulliken atomic and bond populations of pure Cu,O and Cu,O;_,H, in the present work. The

band length is also listed.

Species S p Total Charge/e Bond Length/A Population/e
Cu, 034 0 1.81 4.83 6.64 —0.64 Cu-0 1.8340 0.33
Cu,0;_,F, F 195 544 7.39 —0.39 Cu-F 1.9675 0.17
Cu,0,_,Cl, Cl 188  5.07 6.59 0.41 Cu-Cl 2.1027 0.35
Cuy0_Bry Br 0.09 4.9 492 2.08 Cu-Br 22314 0.18
Cuy0_, L, I 024 463 4.87 2.13 Cu-I 2.3763 0.13

In order to clearly analyze the chemical bonding mecha-
nism, the corresponding total density of states (DOS) and local
partial DOS are illustrated in Fig. 2. The p states of halogen
are mainly concentrated in the energy range from —13.5 V to
—12 eV, with a very narrow band width of about 0.4 eV. This
calculated result suggests that their valence electron states in-
directly contribute to the constitution of band edge near the
band gap. In other words, the constitutions of bandedge of
Cuy01_,H, near the band gap almost have the same features
as pure CuO. The difference is that the first peak of CB of
pure Cu;O becomes the donor level due to halogen doping ef-
fects, and the corresponding position and band width vary with
the atomic number of dopants. Based on these calculated re-
sults, we could draw a conclusion that Cu; O_,H, should have
a different optical absorption band above the fundamental ab-
sorption band, due to the presence of donor level. In particular,
this phenomenon should be more noticeable in the case of flu-
orine doping. Thus, our calculated results could explain some
experimental observations.*#!

The electron localization function (ELF) is an impor-
tant tool to study electronic structure, especially for chemi-
cal bonding states. 43401 Tn Fig. 3, the ELF of CuyO;_,H, is
plotted and compared. For fluorine doping, the electron local-
ization states around fluorine atoms are only slightly varied,
in comparison with oxygen atoms. Thus, the covalent bond-
ing nature of CuyO;_,F, does not change. While in additional
three halogen dopings, the electron localization states around
dopant (Cl, Br, or I) atoms are more obvious than that of neigh-
boring oxygen atoms, and concentrated on the Cu—H bonds.
Thus, in the cases of CuyO,_,H, (H = Cl, Br, 1), the ionic
bonding nature are more prominent. In order to have a deeper
understanding of this phenomenon, we analyze the electron
density difference and Mulliken atomic and bond populations,
as shown in Fig. 4 and Table 2. In the case of CuyO;_,F,, the
situation of electron gaining around fluorine atoms is very sim-
ilar to oxygen atoms, but the magnitude is slightly weaker than
that of the latter. However, in the cases of Cu, O _.H, (H =Cl,
Br, 1), the dopant atoms gain electrons along the direction

of Cu-H bond, while they lose electrons on the opposite di-
rections. Furthermore, the magnitude of electron gaining or
losing augments with increasing atomic number. Based on
the above calculated results, we believe that halogen dopants
form the donor levels below the bottom of CB through elec-
tron gaining or losing on different directions, although their
valence electrons are not directly involved in the constitution
of band edge near the band gap. Owing to the lower impurity
formation energy and suitable donor level, chlorine doping is
an effective n-type dopant for Cu,O.
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Fig. 3. (color online) The electron localization function of (a) CuyO;_,Fy,
(b) Cuy01_,Cly, (c) CupO;_,Bry, and (d) CupO;_,I, through the (110)
plane.
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Fig. 4. (color online) The calculated electron density difference of (a)

Cuy0;_,Fy, (b) Cuy01_,Cly, (¢) CuyO;_,Bry, and (d) CuyO;_, I, through
the (110) plane.
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4. Conclusions

The doping effects of halogen on the electronic structure
of CuyO have been investigated by density function theory
calculations. Halogen dopants form the donor levels below
the bottom of CB through electron gaining or losing in differ-
ent directions, although their valence electrons are not directly
involved in the constitution of band edge near the band gap.
Thus, halogen doping could make Cu,O have n-type conduc-
tivity. The atomic number of halogen determines the doping
effects, such as lattice distortion, impurity formation energy,
position, and the band width of donor level. Based on the
calculated results, chlorine doping proves to be an effective
n-type dopant for CuyO. The calculated results in the present
work may be useful for future studies on the photovoltaics ap-
plications of Cu,O.
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