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First-principles study of electronic and optical
properties in wurtzite Zn;_,Cu,O*
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We perform a first-principles simulation to study the electronic and optical properties of wurtzite Zn_,CuzO. The

simulations are based upon the Perdew—Burke-Ernzerhof form of generalised gradient approximation within the density

functional theory. Calculations are carried out in different concentrations. With increasing Cu concentration, the band

gap of Zni_,CuzO decreases due to the shift of valence band. The imaginary part of the dielectric function indicates

that the optical transition between O 2p states in the highest valence band and Zn 4s states in the lowest conduction

band shifts to the low energy range as the Cu concentration increases. Besides, it is shown that the insertion of Cu

atom leads to redshift of the optical absorption edge. Meanwhile, the optical constants of pure ZnO and Zng.75Cug.250,

such as loss function, refractive index and reflectivity, are discussed.
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1. Introduction

7ZnO0 is a promising direct wide band-gap semicon-
ductor. It has been extensively investigated for use in
optoelectronic devices.[' =4 Typically, ZnO exhibits n-
type conductivity, which has been attributed to var-
ious mechanisms including interstitial hydrogen and

(5-7]

native defects. The production of p-type ZnO is

very difficult for its asymmetric doping limitations. (8]
Therefore, the major bottleneck remains the fabrica-
tion of stable p-type ZnO thin films. Besides, the band
gap of ZnO is too large to use visible light effectively.
It is also very interesting in doping ZnO because of
the possibility of tailoring its electronic structure and
optical properties.[10—14]

Recent works have suggested that group-IB el-
ements such as Cu, Ag and Au may be good can-
didates for producing both p-type and band-gap-
reduced ZnO.['5=17] Among these three candidates,
Cu could be the best choice because the size mismatch
between Cu and Zn is the smallest, which leads to the
lowest formation energy. Many different experimen-
tal methods have been applied to the growth of Cu-
doped ZnO, such as the pulsed laser deposition (PLD)
method.['"18] Buchholz et al.') have observed room

temperature ferromagnetism in Cu-doped ZnO thin
films. They suggested that films grown under con-
ditions that produce p-type semiconductor were fer-
romagnetic with a Curie temperature above 350 K.
Ahn et al.'? have reported a p-type ZnO grown by
the doping with Cu ion. Theoretically, Ye et al.[2"]
have shown the ferromagnetism in Cu-doped ZnO,
using the full-potential linearised augmented plane-
wave method. Park and Min?!! studied electronic
structures and magnetic properties of ZnO-based di-
luted magnetic semiconductors codoped with Fe and
Cu. Chakraborti et al.l??] revealed that the ferromag-
netism in Cu-doped ZnO films was attributed to Cu
ions’ substitution into the ZnO lattice.

Up to now, most of the relevant efforts have been
focused on the magnetic properties of ZnO. However,
the doping may also influence its electronic and opti-
cal properties. This is particularly important for fu-
ture applications of ZnO in hybrid nanoelectronic, op-
toelectronic, and spintronic on-chip device platforms.
In this paper, we present a complete simulation of
Cu doping in ZnO material. The band gap and opti-
cal properties are calculated in the framework of the
first principle-approach. Our simulation shows that
the band structure and optical properties of ZnO is
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affected by the concentration of Cu. When the Cu
content is larger than 25%, the band gap of ZnO will
vanish.

2. Theory and

method

computational

2.1. Theoretical model

At ambient temperature and pressure, the sta-

ble phase of ZnO is hexagonal wurtzite structure with

supercell structure.

2.2. Computational method

Our simulations are performed with the Cam-
bridge serial total energy package (CASTEP) code,
which is based on the density functional theory us-
ing a plane-wave pseudopotential method.(?3] The
generalised gradient approximation (GGA) in the
scheme of Perdew—Burke-Ernzerhof is used to treat
the exchangecorrelation function,?¥ since the GGA
is more efficient to predict the optical transition.
Meanwhile, previous studies have shown that the
norm-conserving pseudopotential, which was devel-
oped by Hamann et al,*® is more suitable than
the ultrasoft pseudopotential in optical properties
calculations.!?®l Thus, norm-conserving pseudopoten-
tial is used to describe the electron—ion interaction.
Besides, the valence-electron configurations for the
oxygen, zinc and copper atoms are employed as 2s>
2p#, 3d10 452 and 3d'0 4s!, respectively. The plane-
wave functions of valence electrons are expanded in
a plane-wave basis set. Reciprocal-space integration
over the first Brillouin zone is approximated through
a careful sampling at a finite number of k points us-

P63me space group and Cf, symmetry. Its lattice
constants are a = b = 3.24927 A (1 A = 0.1 nm),
¢ = 520544 A, and c/a = 1.602. The lattice cell of
oxygen and zinc form the hexagonal close pack struc-
All calcula-
tions are based on the supercell model, as shown in
Fig. 1(a). The ligand of ZnO is a triangular cone,
and the Zn-O bond length along c-axis (1.95204 A) is
shorter than that in the other directions (1.98561 A).
The 2x2x2 ZnO supercell, which contains 16 Zn and
16 O atoms, is employed. The model of Cu-doped

ture from the accumulation of reverse.

supercell structure is shown in Fig. 1(b).

(b)
Fig. 1. (a) The supercell structure of ZnO. (b) One Zn atom is substituted by Cu atom in ZnO

\
ing a Monkhorst-Pack mesh.?” In our calculation,
the 2x2x2 ZnO supercell consisting of 32 atoms is
used and the supercell is kept at constant volume.
The substitutional method has been taken into ac-
count. For z = 0.0625, only one Zn atom is sub-
stituted by Cu, while for x = 0.25, four Zn atoms
are substituted. The cut-off energy has been assumed
to be 460 eV according to Table 1. Meanwhile, the
k-point set with parameters of 7Tx7x4 and 4x4x2
for pure ZnO and the ZnCuO alloys, respectively,
is used over the first Brillouin zone sampling mesh.
Self-consistency is considered to be achieved when
the charge density difference between succeeding it-
erations is less than 2x107% eV/atom. The lattice
constants of wurtzite ZnO are 3.24927 A for a and
5.20544 A for ¢, respectively.?! Recent investigations
from cation-doped ZnO indicate that the distance of
doping atoms can influence the calculated results due
to the interaction of doping atoms.[??! To weaken the
interaction in Cu—Cu configuration, the separation
distance is as large as possible. Then, the Zn;_,Cu, O

system is optimised with the lattice constants and the
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positions of substitutional atoms. In the optimisation
process, the energy change, maximum force, maxi-
mum stress, and maximum displacement tolerances
are set to 2x10~° eV /atom, 0.05 eV/A, 0.1 GPa, and
0.002 A, respectively. In addition, both lattice con-

|

stants and atomic positions are optimised whenever
available. Furthermore, the scissor operation has been
used to obtain the exact optical absorption spectra in
the low energy range in the optical absorption of ZnO
and the ZnCuO alloys.

Table 1. Lattice constants and final energy of intrinsic ZnO at different cut-off energies.

cut-off energy Eout/ eV 400 420 440 460 480 500
. a 3.435628  3.296271 3.270632  3.254022  3.253909  3.253838
lattice constants / A
c  5.36892 5.38986 5.262189  5.222463  5.221384  5.22379
final energy/eV —3434.81 —3435.47 -3435.72 —-3435.80 —3435.95 —3436.10

3. Results and discussions

3.1. The optimisation of the structure of
ZnCuO

We first calculate the structural parameter of pure
wurtzite ZnO with a = b = 3.24927 A, ¢ = 5.20544 A.
Then, we obtaine these optimised data given in Table
2. These data are in agreement with experimental and
other theoretical results.

When the Zn atom is substituted by the Cu atom,
the lattice constant and the local atomic positions are
changed, but the shape of the wurtzite structure is
unchanged. Because of the reduced bond length of
the Cu—O bond, the c-axis lattice constant decreases
with the increase of copper concentration as shown in
Fig. 2.

Table 2. Lattice constants of intrinsic ZnO.

a/ A ¢/ A c/a
our work 3.254 5.222 1.604
Ref. [30] 3.258 5.220 1.602
Ref. [31] 3.280 5.297 1.615
Ref. [32] 3.292 5.292 1.608
5.23
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Fig. 2. The c-axis lattice constant of pure ZnO and
Zni_.CuzO alloys.

3.2. Electronic properties

Figure 3(a) shows the energy band structure of
pure ZnO. The direct band gap is about 0.5 eV at a
highly symmetric G point, which is close to the earlier

simulations.[33:34]

The underestimated band gap can
be attributed to the choice of exchange—correlation
energy within the CASTEP simulation module. Al-
though the band gap calculated in the local density
approximation (LDA) or GGA is about 0.5-1.0 eV
and the band gap calculated in GGA is always less
than that of LDA, it does not have an impact on the
optical property analysis and the aberration can be
compensated by the scissors approximation.

Figure 3(b) depicts that the valence band (VB)
mainly consists of the 2p, 2s states of O and 3d states
of Zn. In the uppermost valence band, O 2p states are
predominantly found between —6.9 and 0 eV, while the
O 2s states appear in the range of —-17.8 ——15.8 eV.
It can be observed that Zn 3d states give rise to some
bands in the energy range of -7 — —4.5 eV below the
valence band maximum (VBM), which shows a rapid
and wave-vector dispersion outside G. Besides, the
lowest conduction band (CB) is dominated by Zn 4s
states, and the CB is primarily derived from O 2p and
Zn 4s states.

In Figs. 4 and 5, we can see that, except Zn 3d
states and O 2p states, the Cu 3d states contribute
a lot to the upper VB in Zng g375Cug.06250. More-
over, the energy levels of Cu 3d states within the
valance band overshoot the Fermi level. Compared
to Fig. 4(b), Fig. 5(b) shows that the 3d states of Zn
cause the peak located between —7 and —4.5 eV in the
VB to shift toward lower energies in the energy range
of 8.5 ——6 eV obviously, which is caused by the 2p

states of oxygen atoms bonded to Cu atoms. There-
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fore, a new peak located between —7 and —4 eV in the
VB appears. Meanwhile, from Figs. 4(a) and 5(a), we
can conclude that strong localisation of the 2s states

10

A
//
vy

of O bonded to Cu atoms causes the peak located be-
tween —18 and —16 eV in the VB to shift toward lower
energies.

120F (b) o P
r Y e d
100 3 — total

Density of states

—20 —10 0 10 20
Energy/eV

Fig. 3. (a) The energy band structure and (b) density of states (DOS) of pure ZnO.
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Fig. 4. (a) The partial density of states (PDOS) of an
O atom in intrinsic ZnO. (b) The PDOS of a Zn atom in
intrinsic ZnO.
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Fig. 5. The PDOS of an O atom (a), a Zn atom (b) and
a Cu atom (c) in Zng.9375Cug.06250.

Figure 6 reveals that the large hybridisation of
the Cu 3d states with the O 2p states is the magnified
spectrum in the energy range of -4 — 1 eV. Simultane-
ously, it is necessary to point out that the hybridisa-
tion is not the same in ZnCuO alloy as that in pure

ZnO. From Figs. 4 and 6, we find that in the upper-
most valence band, the hybridisation is determined
between the Zn 3d and O 2p states in pure ZnO, and
in ZnCuO alloy and that it comes from the Cu 3d and
O 2p states.
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Fig. 6. The PDOS of ZnO doped with 6.25% of Cu. Fermi
level is set to be zero.

Figure 7 shows the density of states in the
Zn;_,Cu,O system. When Cu is doped, the PDOS of
O 2s states shifts to the lower energy compared to the
pure ZnO in Fig. 7(a), which mainly comes from the
strong localisation between 2s states of O atoms and
Cu atoms. A shift of Zn 3d states to the lower energy
creates a new peak between -7 and 8.7 €V in the VB,
which is caused by the 2p states of O atoms bonded to
Cu atoms. Besides, both O 2p and Cu 3d states be-
come more delocalised in the top of the valence band
with a narrower bandwidth as the Cu concentration
increases. As a result, the excitons will be effectively
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localised in the ZnCuO alloy, which can influence its
band edge emission.
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Fig. 7. The PDOS and TDOS of Zn;_,;Cuz;0. (a) z =0,
(b) z = 0.0625, (c) = = 0.125, (d) x = 0.1875, and (e)
x = 0.25.

In general, the band gap of the ZnCuO alloy is
narrower than that of pure ZnO. It confirms that the
Cu incorporation into ZnO can induce the obvious
band gap narrowing. In our simulation, the energy
band gap will disappear completely when 25% concen-
tration of Cu is doped in the supercell ZnO model. In
the upper part of the valance band, when x varies from
0.0625 to 0.25, the valance band shifts to the higher
energy range. Moreover, this shift can lead to the ob-
vious variation of electronic properties. On the other
hand, the CB of ZnO doped with Cu shows a slight
shift to the lower energy due to the incorporation of
Therefore, the band gap of ZnO
doped with Cu is lower than the E, of intrinsic ZnO.

Cu 4s electrons.

It is noticeable that the variations of band gap are
not obvious in a high concentration (> 18.75%), and
it may indicate that the modulation of the band gap
by Cu substitution is limited. This result is in qual-
itative agreement with the experimental data. Ahn
et al.l'? reported that the band gap of ZnO can be
reduced by 0.21 eV at low Cu composition (z ~10%).

3.3. Optical properties

To investigate the optical properties of the Cu-
doped ZnO system, it is necessary to calculate the
imaginary part of the dielectric function eg(w). It
is known that the interaction of a photon with the
electron can be described in terms of time-dependent
perturbations in the ground-state electronic states.
Optical transitions between occupied and unoccupied
states are caused by the electric field of the photon.
The spectra arising from the excited states can be de-
scribed as a joint density of states between the valence

and conduction bands. The function £2(w) can be cal-
culated straightforwardly using the momentum matrix
elements which are given by the eigenvectors obtained
as the solution of the corresponding Schrodinger equa-
tion. Evaluating these matrix elements, we use the
corresponding eigenfunctions of each of the occupied
and unoccupied states. And the real part £;(w) of
dielectric function can be evaluated from imaginary
part e2(w) by Kramer—Kronig relationship. All the
other optical constants can be derived from e (w) and
ea(w), such as reflectivity R(w), absorption coefficient

a(w), refractive index n(w), and energy-loss spectrum
L(w)[34]

R(w) ’\/51(w) T jea(@) — 1

\/51(w)+j62(w)+1 ’ (1)

1/2
a(w)ﬁw[ s%<w>+e§<w>el<w>] e

1/2
o) = [+ S0 +aw)] Ve 6
L) = e2(w)/ [£36) + S3(w)] @)

Since e5(w) is the core of the optical properties
for any materials, Fig. 8 shows its dependence on the
photon energy for pure ZnO and the ZnCuO alloy.
For pure ZnO, there are three main peaks in e3(w), at
1.13, 5.99, and 10.6 eV. The peak at around 1.13 eV
should mainly be caused by optical transitions be-
tween O 2p states in the highest valence band and
Zn 4s states in the lowest conduction band, which is
very close to the other evaluations,®¥ and it is not far
from the direct band gap of 0.5 eV. The peak at about
5.99 eV is from the optical transition between the Zn
3d and O 2p states, and the weak peak at 10.6 eV
is mainly derived from the optical transition between
the Zn 3d and O 2s states. For the ZnCuO alloy, the
first peak is significantly shifted toward low energies
while the second and third peaks show a blue shift.
It is noticeable that the optical transitions between
the Zn 4s and O 2p states are at 0.627, 0.470, 0.376
and 0.318 eV, which correspond to the different Cu
concentrations ranging from x = 6.25% to 25%. And,
the probability of the electron transfer from the O 2p
states in the highest VB to the Zn 4s states in the
lowest CB is higher when ZnO is doped with Cu. The
shift of the optical transition indicates that the direct
band gap decreases, which is in good agreement with
the result of DOS. Besides, the optical transition has
been gradually enhanced with increasing Cu concen-
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trations, which induces the enhancement of the band
edge emission of the ZnCuO alloy.
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Fig. 8. The imaginary part of the dielectric function e (w)
of pure ZnO and Znj_;Cu;O alloy.

Figure 9 illustrates the optical absorption spectra
of the Zn;_,Cu, O system under the scissor operation
in the range of 0-5 eV. Due to the underestimation of
the band gap, it is difficult to obtain the exact opti-
cal band gap. In our calculations, we have used the
energy scissor approximation for 2.7 eV to fit the ab-
sorption edge of the experimental value. This method
is effective for a variety of systems.[?5=37 It is clearly
observed that the Cu incorporation induces the red-
shift of the optical absorption edge.
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Fig. 9. Optical absorption spectra a(w) of pure ZnO and
Zni_,CuzO alloy.

The reflectivity R(w), refractive index n(w), and
electron energy loss spectrum L(w) as functions of the
photon energy for pure ZnO and Zng 75Cug 250 alloy
are shown in Figs. 10-12, respectively. The refrac-
tive index and reflectivity of Cu-doped ZnO enhance
sharply in the low energy range as compared to those
of the pure ZnO, which indicates that the band gap of
Cu-doped ZnO decreases. We also observe the peaks
between 20 and 25 eV in the energy loss spectra L(w)
which is also an important factor describing the en-
ergy loss of a fast electron traversing in a material.

The peaks in L(w) spectra represent the characteristic
associated with the plasma resonance, and the corre-
sponding frequency is the so-called plasma frequency,
above which the material exhibits the dielectric be-
haviour [e1(w) > 0] while below which the material
behaves the metallic property [e1(w) < 0]. That is
to say, the positions of peaks in L(w) spectra indicate
the point of transition from the metallic property to
the dielectric property for a material. In addition, the
peaks of L(w) also correspond to the trailing edges in
the reflection spectra, for instance, the peak of L(w)
for Zng 75Cug.250 alloy is at around 21 eV correspond-
ing to the abrupt reduction of R(w).

—— pure ZnO

< 2t
O -
0 10 20 30 40
Photon energy/eV
Fig. 10. Refractive index n(w) of pure ZnO and
Zng.75Cup.250 alloy.
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Fig. 11. Reflectivity R(w) of pure ZnO and

Zng.75Cuo.250 alloy.
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Fig. 12. Loss function L(w) of pure ZnO and
Zngp.75Cug.250 alloy.
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4. Conclusion

In summary, a first-principles study has been per-
formed to evaluate the electronic and optical proper-
ties of the Zn;_,Cu,O system. Increasing Cu concen-
tration can induce the band gap narrowing. Subse-
quently, optical transition between the uppermost va-
lence band and the lowest conduction band has shifted
to the low energy range with increasing Cu concentra-

tion. Besides, most important optical constants such
as the dielectric function, reflectivity, refractive index,
and electron energy loss function also experience sig-
nificant changes when ZnO is doped with Cu. In par-
ticular, the optical absorption edge of ZnO doped with
Cu shows a redshift. The computed DOS of Zn and
Cu under different doping conditions enables a sim-
ple explanation of this phenomenon based on electron
transfer mechanism.
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