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Magnetism and band gap narrowing in Cu-doped ZnO
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First-principles calculations based on density functional theory are performed to study the magnetic,
electronic, and optical properties of ZnO doped with 6.25%, 12.5%, and 18.75% of Cu. The Cu
dopants are found spin polarized, and a net magnetic moment of 0.57u is found for Cu at a
composition of 6.25%. The calculations confirm an appreciable band gap reduction in ZnO in
agreement with recent experimental results. The analysis of the partial density of states reveals that
ferromagnetism and narrowing of ZnO band gap are due principally to the strong p-d mixing of O
and Cu. © 2009 American Institute of Physics. [DOI: 10.1063/1.3112603]

Spintronics, the recent field of science, allows one to
explore the physics of previously unavailable combinations
of electronic, olptical, and magnetism in semiconductors, in
which the spin’ (electrons or holes) is exploited to provide
new functionality such as spin based information storage,
data processing, spin-polarized laser, etc. Among the most
promising candidates for this task, transition metal (such as
V, Cr, Mn, Fe, Co, and Ni) doped III-V and II-VI diluted
magnetic semiconductors (DMSs) as a particular example,
was the discovery of ferromagnetism in Mn-doped GaAs
(Ref. 2) observed at temperatures in excess of 100 K. An
ideal DMS should exhibit ferromagnetism at room tempera-
ture for practicable applications and have a homogeneous
distribution of the magnetic dopants. The presence of any
magnetic precipitation in the host semiconductors in forms
of clusters or secondary phases of the magnetic impurities is
crucial to the applications of DMS and therefore should be
avoided. To solve the magnetic precipitation obstacle, alter-
native dopants which are intrinsically nonmagnetic but can
be incorporated into semiconductors to form DMS are de-
sired, their precipitation does not contribute to ferromag-
netism since such dopants are naturally and intrinsically
nonmagnetic. Cu is such a dopant for III-V and II-VI semi-
conductors that has recently attracted both theoretical and
experimental attention.

Among DMS II-VI compounds doped with Cu, ZnO
with a large gap of 3.2 eV has attracted great attention, both
theoretically and experimentally, because of its potential ap-
plication for next-generation short-wavelength optoelec-
tronic devices such as light emitting diodes and laser diodes.’
Moreover, the interest in doping ZnO is to explore the pos-
sibility of tailoring its magnetic and optical properties. How-
ever, the band gap of ZnO (3.3 eV) is too large to effectively
use visible light (the solar spectrum has a maximum intensity
at about 2.7 eV), and as a native n-type semiconductor, it is
known to be difficult to make as a p type.4 Therefore, it is
important to have both p-type and band gap reduction in
ZnO.

A large work exists in the literature concerning several
aspects of Cu-doped ZnO from both theory and experiments.
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Recently room temperature ferromagnetism of Cu-doped
ZnO was reported in several experiments,sf12 whereas the
absence of ferromagnetism also c3>(ists,13’14 and first-
principles calculations'>™"? has showed that Cu dopants in
ZnO favor a spin polarization and a ferromagnetism ground
state. The origin of the observed ferromagnetism still re-
mains controversial, whether it is an intrinsic or extrinsic
property of the material.

The ternary nature of the DMS offers the other possibil-
ity of tuning the band gap by varying the x composition of
the material. Very limited research exists on band gap nar-
rowing of ZnO by impurity incorporation. In the case of
Zn,_,Cu,O system, an increasing Cu composition leads to
the reduction in the gap. In recent experimental investiga-
tion, Ahn et al.”’ reported that the band gap of ZnO can be
reduced by 0.21 eV for low Cu composition (x~ 10%), re-
vealing relatively important band gap reduction, inconsistent
with an assumed simple linear dependence of the band gap
over this composition range, as is expected on the basis of
the virtual crystal approximation.

From the theoretical and experimental points of view,
there are a lot of open questions regarding the magnetism
and the optical properties of these materials. In this letter, we
report on our first-principles calculations in doping ZnO with
Cu. We study the magnetism and explore the possibility of
band gap narrowing in Cu-doped ZnO.

The calculations were performed in the framework of
density functional theory. We have employed the full poten-
tial linearized augmented 2plame wave method as imple-
mented in the WIEN2K code.”' The muffin-tin radii of Cu, Zn,
and O were chosen to be 2.0, 2.1, and 1.4 a.u., respectively.
We expand the basis function up to RyrKyax=6.5. The
maximum value of partial waves inside atomic sphere is
[=10. Fully relativistic approximations are used for core
electrons, and scalar relativistic approximations are used for
valence electron. Brillouin zone integrations were performed
with the special k-point method over a 3 X 3 X2 Monkhorst—
Pack mesh.”

The calculations were done using the generalized gradi-
ent approximation (GGA),23 which is supposed to be supe-
rior for magnetic system. The supercell employed contains
32 atoms, which corresponds to a 2 X 2 X 2 supercell of ZnO.
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FIG. 1. Band structure of the majority spin (a) and the minority spin (b) of
ZnO doped with 6.25% of Cu. Fermi level is set to zero.

Three doping levels were checked: x=0.0625, 0.125, and
0.1875. The doped structures were then optimized with re-
spect to both optimized lattice constants and the relaxation of
atomic positions. These parameters ensure a convergence
better than 2 meV for total energy. The relaxation of lattices
was stopped until the maximum force on single atom is less
than 0.02 eV/A. All calculations are done for the ferromag-
netism case since theoretical calculations'”'® show high sta-
bility of ferromagnetism. The calculated lattice constants a
and ¢ of wurtzite ZnO are 3.28 and 5.29 A, respectively,
which are in good agreement with the experimental values.

We focus first on the magnetic properties of the Cu-
doped ZnO. For one Cu, i.e., x=0.0625, we found a total
magnetic moment of 0.92up per supercell, the local moment
at Cu is about 0.57up, and the four surrounding O atoms in
the CuQO, tetrahedron are polarized with a magnetic moment
of 0.05up for the top site O and 0.08 up for the other three O
in the basal plane. These results are very similar to the one
reported by Ye et al.,'”” where the authors found for x
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FIG. 2. Total density of states of ZnO doped with 6.25% of Cu. Fermi level
is set to zero. Positive (negative) values correspond to the majority (minor-
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FIG. 3. Cu content dependence of the band gap energy.

=0.125 a magnetic moment of 0.58 ug for Cu, 0.04 up for the
top site O, and 0.08up for the other three O.

Furthermore for x=0.125, we found a total magnetic mo-
ment of 1.87up per supercell. The local moment at Cu is
about 0.55up and remains relatively constant for all compo-
sitions study. The calculated local moment of Cu is similar to
the theoretical works of Huang et al."® and Ye et al.,"”” who
found a magnetic moment of 0.55up and 0.58up, respec-
tively, which are weaker than the one of Park and Min"® who
obtained a magnetic moment of 0.81 .

Moreover for x=0.0625, we found that the substitution
of Zn by Cu is a p-type doping, as found theoreticaxlly,”’19
which supports recent experimental observation.”'* The cal-
culated holes in the Cu site and in the interstitial region are
0.11e and 0.6e, respectively, indicating that the charge redis-
tribution mostly happens in the interstitial region.

To illustrate the corresponding electronic properties, the
spin-resolved band structures, and total density of states of
Cu-doped ZnO for x=0.0625 are given in Figs. 1 and 2,
respectively. A half-metallic behavior is shown with the ma-
jority being semiconducting and minority spin being metal-
lic. The 100% polarization of conduction carriers, which is
required in spin injection, suggests that Cu-doped ZnO can
be used efficiently in injection of spin-polarized charge car-
riers into the nonmagnetic ZnO. The Zn, O, and Cu contri-
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FIG. 4. Cu content dependence of the band gap reduction (solid circle)
compared with experimental results (Ref. 20, open square).
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FIG. 5. (Color online) Partial DOS of ZnO doped with 6.25% of Cu (Zn
atom in dotted line, O atom in solid line, and Cu atom in dashed line). Fermi
level is set to zero.

butions of the majority-spin system can be divided into three
parts. The states in the energy region form —7 to —3 eV
arise primarily form the Zn 3d states, the states in the energy
range from —3 to —1 eV come mainly from the O 2p bands,
while the states near E are composed mostly of Cu 3d
bands.

An important consequence of the inclusion of Cu atoms
in ZnO is the reduction in the band gap. Figure 3 shows the
variation of the band gap of Cu-doped ZnO for the majority-
spin case as function of Cu compositions. As found
experimentally,13 our results show that band gap of Cu-doped
ZnO decreases considerably with increasing Cu concentra-
tions. Since GGA underestimates the band gaps, it is useful
to compare our calculated band gap reduction AE,
=E,(ZnO)-E,(Cu-ZnO) with the experiment. Figure 4
shows the comparison of band gap reduction as function of
Cu compositions. Our results are in perfect agreement with
the experimental data (for example for x=6%, we found a
band gap reduction of 0.15 eV, which compared favorably
with the measured value of 0.14 eV) showing a relatively
large reduction in the band gap of ZnO. This reduction is
inconsistent with an assumed simple linear dependence of
the band gap over this composition range as expected for
highly “well-matched” alloys, where the substituted atom in-
duces weak perturbation in the host material. The calculated
band gap reduction in Cu-doped ZnO follows the simple
fitted formula: AE,=1.4x"%. To have more insight into the
common physical relationships between alloys, heavily
charge doped semiconductors and heavily electronically
doped semiconductors, a scaling rule was recently observed
by Zhang et al.** AE,=Bx“. For highly matched semicon-
ductor alloys, such as Al ,Ga,_,As, the scaling exponent of x
is close to unity, while for heavily-doped alloys (e.g., GaAs-
doped N), this scaling factor is close to 2/3.** The results
suggest an appreciable band gap bowing of the band gap of
ZnO-doped Cu, and explicitly demonstrate the nonlinear be-
havior of the Zn,_,Cu,O band gap at low Cu doping compo-
sitions. The main contribution to the band gap reduction in
the Cu-doped ZnO system comes from chemical and mag-

Appl. Phys. Lett. 94, 142502 (2009)

netic effects, since Zn and Cu atoms have strong (weak)
mismatch in electronegativity (size).

Figure 5 shows the partial density of states of Zn, O, and
Cu around the Fermi level for x=0.0625. The origin of the
reduction in the band gap of the Cu-doped ZnO is mainly
due to the large hybridization of the Cu 3d bands with the O
2p bands. This p-d exchange mechanism, which is also re-
sponsible for ferromagnetism in Cu-doped ZnO, is large for
this system, since the p orbital energies of O are very close to
that of Cu. Clearly, this strong O(p)—Cu(d) exchange inter-
action play a role in narrowing the band gap of the Cu-doped
ZnO system.

In summary, we have performed first-principles calcula-
tions of Cu-doped ZnO with 6.25%, 12.5%, and 18.75% of
Cu composition. It is revealed that because of the strong
coupling between O 2p and Cu 3d bands, this system which
does not contain any magnetic ion is found as half-metallic
material. Furthermore we found that the p-d repulsion
mechanism is also responsible for the relatively appreciable
reduction in the band gap of Cu-doped ZnO as found experi-
mentally.
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