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Oxygen vacancy in N-doped Cu;O crystals:
A density functional theory study*
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The N-doping effects on the electronic properties of CusO crystals are investigated using density functional theory.

The calculated results show that N-doped Cu2O with or without oxygen vacancy exhibits different modifications of

electronic band structure. In N anion-doped Cu20O, some N 2p states overlap and mix with the O 2p valence band,

leading to a slight narrowing of band gap compared with the undoped Cu2O. However, it is found that the coexistence

of both N impurity and oxygen vacancy contributes to band gap widening which may account for the experimentally

observed optical band gap widening by N doping.
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1. Introduction

Cuprous oxide is a natively p-type semiconduc-
tor due to the presence of negatively charged cop-
per vacancies and probably interstitial oxygen.—3]
Cuprous oxide possesses a direct band gap of 2.17 eV,
making it a good candidate for its applications in so-
lar energy conversion and photocatalytic water split-
ting. It has also been used in catalysis, gas sensors,
photovoltaic cells, lithium-ion batteries, and magnetic
storages.*% In addition, CuyO satisfies the economi-
cal and environmental requirement necessary for large
scale application because it is an abundant, low-cost,

and nontoxic material.[?]

It is widely recognized that
the electrical and photophysical properties of oxide
materials are strongly influenced by electronic states
associated with defects and dopants. Many attempts
have been made to modify optical and electrical prop-
erties and transparency. A significant portion of these
efforts relates to doping of CuyO with metal or non-
metal atoms. Therefore, the selection of suitable
To date,

the electronic properties of undoped as well as doped

dopant atoms for CusO is a key point.

CuO with impurities, both cations and anions, such
as indium, cadmium, silicon, stannum, lanthanum,
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and chlorine have been investigated in order to realize
the practical application of CusO to solar cells and im-
prove the transparency of CusO using first principles
calculations and experiment investigations. 8]

Nitrogen is widely accepted as a nontoxic, low-
cost, and easily available material, and nitrogen dop-
ing of semiconductors is currently an active field of
research both for efficient absorption of visible light
by band gap modulation in photocatalysts (TiOq,
ZnO etc.) and for p-type conduction in light-emitting
diodes (ZnO), other optoelectric devices (SnOs) and
solar cells (Cuy0).110716] Tshizuka et all'7l investi-
gated the deposition conditions and dopant impuri-
ties and they found that nitrogen acted as a p-type
dopant in CuyO with an activation energy of 140 meV
and the hole density could be controlled. Recently,
the synthesis of CuzO film doped with nitrogen (N)
in which N substitutes for a lattice oxygen atom was
reported in experiment.!'®19 Ishizuka et al.['®! found
no significant band edge shift induced by N doping,
while nitrogen acted as an acceptor in CusO. How-
ever, Nakano et al.l'?! observed the widened band gap
of CugO film by N doping. Nevertheless, the authen-
tic origin has not been clarified in the doping scheme
which was often the subject of debate.
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In the present work, the aim is to obtain the
precise physical mechanism of N-doped CusO. First-
principles calculations based on the density functional
theory are carried out to investigate the electronic
structures of CusO with nonmetal atom N-doping
both with and without oxygen vacancy, which has
never been reported by theoretical investigation.

2. Computation details

In the work, our calculated lattice constant for
bulk Cuy0 is 4.30 A (1 A=0.1 nm), which is over-
estimated by only 0.7% with respect to the exper-
iment value of 4.27 A.2021 We simulate the N-
doped Cuz0 system using a 2x2x3 (72 atoms) su-
percell. The results are shown in Fig. 1. The com-
putation is performed by the CASTEP package on
the basis of the density functional theory within the
ultrasoft pesudopotential approach.?2 The Perdew—
Burke-Ernzerhof (PBE) exchange—correlation func-
tional based on the generalized gradient approxi-
mation (GGA) is employed.?*=26] The plane-wave
basis convergence is found below 450 eV, and a
Monkhorst—Pack k-point mesh of 4x4x4 is used for
geometry optimization and electronic property calcu-
lation. Geometry optimization is carried out before
single point energy calculation and the self-consistent
convergence accuracy is set at 1.0x107° eV /atom.
The convergence criterion of the largest force on
atoms is 0.03 eV/A and the maximal displacement
is 1.0x10~* nm. Electronic structures and total en-
ergies are calculated on the corresponding optimized
crystal geometries.

3. Results and discussion

3.1. Model structures for oxygen va-
cancy in N-doped Cu,0 and relative
stability

In principle, there are three possible ways to in-
troduce N atoms into the CuqO lattice by replacing O
or Cu atoms in the lattice with N atoms and introduc-
ing interstitial N atoms into the supercell. However,
our calculations show that the formation energy of the
model in which an N atom substitutes for an O atom
is smallest. Therefore, the structure of O atoms re-
placed by N atoms and the role of oxygen vacancy
are investigated in this work. Two combinations of N-
doping and oxygen vacancy (Vo) are introduced, i.e.,
(i) one dopant and one oxygen vacancy (No+Vo), (ii)
two dopants and one oxygen vacancy (2No+ Vo). For
the No+Vo structure, the doping concentration max-
imum is up to 1.39 at%, the bond lengths between N
and the four Cu atoms are equal to 1.818 A, 1.818 A,
1.812 A, and 1.811 A, which are shown in Fig. 1(b)
(The Cu-O bond length is 1.864 A in the structure of
pure CuyOPY). For the 2N +Vo structure, the dop-
ing concentration maximum is up to 2.78 at%, the Cu—
N bond lengths are 1.817 A and 1.812 A, respectively
(see Fig. 1(c)).

by N atoms plus one oxygen vacancy does not result

The structure of O atoms replaced

in obvious structural change compared with the struc-
ture of undoped CusO and the structural modification

is small with the increase of nitrogen concentration.

Fig. 1. Optimized structures of (a) 72-atom supercell, (b) No+V supercell, and (c) 2Npo+V supercell. The white,
gray, and black spheres denote O, Cu, and N atoms, respectively.

To study the variation of chemical bonding in-
duced by N impurity with or without oxygen vacancy,
the total charge densities for the three N-doped mod-
els are calculated and the results are shown in Fig. 2.
Figure 2(a) presents the contour plot of charge den-
sity for (110) lattice plane of CusO with an O atom

replaced by an N atom, in which the N atom and ad-
jacent Cu atoms form two coordinate bonds from a
common electron cloud. For the model of substitut-
ing an N atom for an O atom plus an oxygen vacancy,
the charge density map for the (110) lattice planes is

calculated and the result is shown in Fig. 2(b). The
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results show that the N atom and adjacent Cu atoms
form N-Cu bonds by a common electron cloud and the
charge distribution of the oxygen vacancy and neigh-
bouring atoms appear to be different in comparison
with the case of the N doping system due to the Cu
atoms dangling bonds restructuring. Similar to the
case of the model of substituting an N atom for an
O atom plus an oxygen vacancy, the contour plot of
charge density for (110) lattice plane of CupO with
two O atoms replaced by two N atoms plus one oxy-
gen vacancy is also calculated and the result is shown
in Fig. 2(c).

In order to examine the relative stability
of different N-doped structures, we calculate the
dopant formation energy according to the following
equation: 272

Etorm = Eiot (NO) - (Epure + un — MO)a
Eform = Etot(NO + VO) - (Epure + UN — 2,“/0)7
Eform = Etot(QNO + VO) - (Epure + 2,UfN - 3#0)7

where Fio is the total energy of CusO with dopant,
Epure the total energy of the supercell of pure CusO,
and puy the chemical potential of N, which is de-
termined by the energy of the Ny molecule (un =
#(N2)/2). The growth of an engineered CusO will
not be an equilibrium process but a kinetic process,
which can be either Cu-rich, O-rich, or anything in
between. Under Cu-rich conditions, the uc, chemical
potential is assumed to be the energy of bulk Cu while
the po chemical potential is calculated by the growth

condition,
o + 2pcu = p(Cuz0). (4)

Under O-rich conditions, the po chemical potential
is calculated from the ground-state energy of the O,
molecule (o = p(O2)/2), while the chemical poten-
tial of Cu is obtained by growth condition (4). The
calculated formation energies are summarized in Ta-
ble 1. Our calculations give smaller formation ener-
gies for one dopant and one oxygen vacancy model
than those of two dopants and one oxygen vacancy
under both Cu-rich and O-rich conditions, which in-
dicates that the synthesis of the one dopant and one
oxygen vacancy model may be relatively easy. Espe-
cially, the doped CusO can be formed easily under
Cu-rich growth conditions considering its formation

energies.

1.0

Fig. 2. (colour online) Total charge density maps
(electrons/A3) of N-doped Cu20 supercell with or with-
out oxygen vacancy: (a) (110) lattice plane of CuaO with
an O atom replaced by an N atom; (b) (110) lattice plane
of Cug0O with an O atom replaced by an N atom plus one
oxygen vacancy; (c) (110) lattice plane of Cu2O with two
O atoms replaced by two N atoms plus one oxygen vacancy.
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Table 1. The values of the lattice constant (A) and the formation energy Eform (V) of different kinds

of N-doped structures.

Structure Etorm (Cu-rich) Etorm (O-rich) a c
Pure - - 8.61 12.91
N-doped 0.66 1.93 8.60 12.91
(N + Vg)-doped 1.26 3.78 8.54 12.85
(2N + V)-doped 1.79 5.57 8.53 12.84

3.2. Electronic structures

Cuz0 is a narrow gap semiconductor with a band
gap in a range from 2 eV to 2.2 eV.30=32 How-
ever, theoretical calculation on the electronic struc-
ture of the CuzO exhibits a small band gap rang-
ing from 0.5 €V to 0.8 eV.[33=36] Qur calculated band
gap of pure CuO at I' point is about 0.53 eV. The
well-established experimental value is typically signifi-
cantly larger than the theoretical value. The reason is
that the density functional theory method may usually
underestimate the band gap because of the well-known
problem in GGA approximation. However, it is still a
widely accepted method to depict the defect states in
the electronic structure calculation, and this gives an
explanation for the experimental result because only
the relative positions of the occupied states and empty
states need to be taken into account.'237:38 To in-
vestigate the effects of N doping on the electronic and
optical properties of CuyO, the band structure and
the total density of states, and the projected density
of the states of the N-doped 72 atom CuO crystals
are plotted in Fig. 3 and Fig. 4 respectively. For com-
parison, the band structure, the total density of states
(TDOS) and partial density of states (PDOS) of the
pure CusO are also plotted. We can see that the va-
lence band is mostly composed of O 2p states while
the conduction band of CusO is mainly composed of
Cu 3d states, which is in agreement with previous
studies.!36:39 For the model of substituting an N atom
for an O atom, figure 4(a2) shows a small shift of va-
lence band maximum towards higher energies because
some N 2p states overlap and mix with the O 2p va-
lence band, and thus increase the width of the valence

band. Furthermore, there is a slight rise of the conduc-

tion band minimum, leading to band gap narrowing
about 0.04 eV.

To examine the influence of the oxygen vacancy
on the electronic structure of N-doped CusO, one oxy-
gen atom was removed from the N-doped CusO sys-
tem and the theoretical band structure and DOS were
shown in Fig. 3(c) and Fig. 4(a3) respectively. For
No+Vo model, the N 2p states overlap and mix with
the O 2p valence band and the oxygen vacancy in-
troduces some states close to the bottom of the con-
duction band which act as shallow donors. There is
a slight rise of the valence band maximum compared
with that of the undoped CusO crystal while the con-
duction band minimum rises about 0.77 eV due to the
formation of an oxygen vacancy, resulting in the band
gap widening about 0.67 eV. The results show that
the coexistence of both an N impurity and oxygen va-
cancy contributes to band gap widening. Therefore,
N doping and the introduction of an oxygen vacancy
have an obvious effect on the electronic structure. For
the 2Np+ Vo model, some N 2p states mix with the
O 2p valence band, leading to an increase of the width
of the valence band as well as rises of about 0.13 eV
and 0.81 eV for the valence band maximum and con-
duction band bottom, respectively, and thus, the band
gap is widened by about 0.68 eV as shown in Fig. 3(d)
and Fig. 4(ad) respectively. The calculation band gap
is about 0.01 eV bigger for the replacement of two O
atoms by N atoms plus one oxygen vacancy than that
for the replacement of an O atom by an N atom plus
one oxygen vacancy, which is due mainly to the change
of the doping concentration. Our calculation for N
anion-doped CusO with an oxygen vacancy accounts
for the experimentally observed widening of the opti-
cal band gap for P-type Cu,O film by N doping.*!
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Fig. 3. Band structure plots for (a) pure CuO, (b) substitution of an N atom for an O atom, (c) substitution of an
N atom for an O atom plus one oxygen vacancy, and (d) substitution of two N atoms for two O atoms plus one oxygen
vacancy, respectively.
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Fig. 4. (a) Total density of states (TDOS) and (b) projected density of states (PDOS) for 72-atom supercell: (al) pure
Cu20 model and (a2) Np model, (a3) No+ Vo model, (a4) 2No+ Vo model, respectively. Zero energy is the Fermi
level.
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4. Conclusion

We investigated the electronic properties of N-
doped CuyO with and without an oxygen vacancy us-
ing first-principles calculation. The calculated results
indicate that different modifications of electronic band
structure exist in N-doped CuyO with or without oxy-
gen vacancy. It is shown that N impurities plus one
oxygen vacancy in CuO induce the widening of the
band gap. In addition, some N 2p states mix with the
valence band, leading to the increasing of the width
of the valence band and there is a rather larger rise
of the bottom of the conduction band which is due
mainly to the formation of an oxygen vacancy. These
results may account for the experimentally observed
widening of the optical band gap by N doping.
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