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Copper impurities in bulk ZnO: A hybrid density functional study
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Transition metal doping of ZnO is considered as a promising way to obtain a diluted magnetic semi-
conducting oxide. In this work we investigate copper doping of ZnO by means of density functional
theory, using a hybrid exchange-correlation functional and a periodic approach with localized atomic
basis functions. Isolated copper species, such as copper substitutional to zinc, Cus, and Cu interstitial,
Cu;, are analyzed in terms of transition energy levels and hyperfine coupling constants with refer-
ence to available spectroscopic data. We also examine the potential magnetic interaction between
copper species, their interaction with oxygen vacancies, and the possibility of copper clustering. The
relative stability of the various copper impurities considered in this study is finally compared on
the basis of their formation energy at different oxygen chemical potentials and Fermi level values.
© 2011 American Institute of Physics. [doi:10.1063/1.3575198]

I. INTRODUCTION

Zinc oxide is a wide band gap semiconductor with
promising applications in optoelectronics and spintronics.'-2
For example, ZnO based optoelectronic devices, such as light
emitting and laser diodes or transparent electrodes for flat
panel displays and solar cells, are considered a viable alterna-
tive to the corresponding more expensive GaN and ITO (in-
dium tin oxide) based ones. Additionally, the introduction of
spin carriers by means of a dilute controlled doping is ex-
pected to open the way to new magnetic, electronic, and op-
tical functionalities of the material. In this sense transition
metal (TM) doped ZnO stands as a promising candidate for
diluted magnetic semiconducting oxide to be used in electri-
cally controlled magnetic sensors, spin-light-emitting diodes
and spin-field effect transistors.>* Achievement of room tem-
perature (RT) ferromagnetism by Mn and Cu doping, avoiding
unwanted secondary ferromagnetic phases due to metal clus-
tering, is the final goal of nowadays experimental effort.> A
few theoretical studies®® have already inspired some experi-
mental work, although initial expectations were not fulfilled
by actual results.” In a recent work, Zunger et al.'® ques-
tioned the reliability of the reported theoretical predictions
pointing at the severe limitations of pure density functional
theory approximations [local density approximation (LDA)
and generalized gradient approximation (GGA)] in correctly
and accurately describing band gap values and spin localiza-
tion, both essential components when investigating TM doped
semiconductors. The critical problem of state of the art meth-
ods in describing such complex systems as Cu-doped ZnO
can largely benefit from a detailed comparison of a number
of computed properties with available experimental data (in
particular, defect or impurity levels position in the band gap
from optical or photoluminescence spectroscopies''*'? and
their electron paramagnetic resonance parameters' %),

In this paper we present a detailed study of copper
bulk impurities in ZnO using the popular hybrid B3LYP
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functional'>'® in combination with a localized atomic or-
bital basis-set approach for periodic calculations, as imple-
mented in the CRYSTALOG6 code.'” This method provides
an improved description of fully or partially filled TM d-
states and of all those properties which are not accurately de-
scribed by LDA or GGA methods, as just mentioned above
[e.g., band gap: B3LYP 3.38 eV versus experimental 3.44
(Ref. 18)]. Computational results are compared to avail-
able experimental data whenever possible. On these bases,
the present work has the major goal to provide a comprehen-
sive overview investigation of copper doping in ZnO and to
address several specific issues which are still under debate in
the literature. Copper impurities are first investigated as well-
established electron acceptors'® but secondly also as potential
electron donors, in line with recent experimental findings.”"
Acceptor and donor properties are discussed in terms of
thermodynamic and optical transition levels from a recently
proposed model.>! Then the controversial relative stabil-
ity of ferromagnetic (FM) and antiferromagnetic (AFM)
phases?>?7 for substitutional Cu to lattice Zn atoms is an-
alyzed. Finally, the possibility of interaction with oxygen
vacancies®*?> and of copper clustering?®?>2¢ in bulk ZnO
matrix is explored. The stability of all these diverse species
has been compared on the basis of their formation energy, as a
function of the Fermi level and of the oxygen chemical poten-
tial, which determines whether the system is in an oxidizing
or reducing environment.

The paper is organized as follows. Section II provides
details on the computational approach. In Sec. III, we report
and discuss the results for the various defect centers consid-
ered. Section IV summarizes our conclusions and presents an
overview on Cu-doped ZnO system.

Il. COMPUTATIONAL DETAILS

Spin-polarized periodic calculations were performed us-
ing the hybrid B3LYP exchange-correlation functional'>!®
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and the Kohn-Sham orbitals were expanded in Gaussian
type orbitals, as implemented in CRYSTALO6 code.'” The
all-electron basis set adopted is a 8-411(d1)*® for oxygen,
8-64111(d41)* for zinc and 8-6411(d41)* for copper. In
some cases results have been refined by performing single
point calculations with larger basis sets: 8~64111(d411)*! for
zinc and 8-64111(d41)3? for copper.

We considered a 192-atom supercell obtained by the ex-
pansion matrix 4 x 4 x 3, for simulating the bulk ZnO
(wurtzite, space group P63mc). The bulk lattice parameters
have been optimized for pure ZnO: a = 3.278 A, c = 5.287 A.
The copper impurity has been inserted: (i) substitutional (s)
to Zn atoms: Zn;_xCuxO (Cus, CusCus) and Zn;_xCuxZn,O
(CugZny); (ii) interstitial (i): ZnCuyO (Cuy); (iii) in the
presence of oxygen vacancies (Vo): Zn; xCu,O,4 (CugVp);
and (iv) both interstitial and substitutional to Zn atoms:
Zn|_xCuyyO (CugCuj, Cus2Cuy;). The copper atomic concen-
tration has been varied in the range x + y = 0.0104 = 0.0312
for the various defects considered [x = 0.0104 (Cug, CuyVo,
CuCu;, Cug2Cuy), x = 0.0208 (CusCuy), y = 0.0104 (Cu;,
CugZn;, CusCuj), y = 0.0208 (Cug2Cu;)].

The reciprocal space was sampled by a 2 x 2 x 2
k-point mesh corresponding to 4 = 8 k-points of the irre-
ducible Brillouin zone.!” The atomic positions were fully re-
laxed until the largest component of the ionic forces was less
than 4.5 x 10™* a.u.. The densities of states were computed
with a 3 x 3 x 3 k-point mesh. The Kohn—Sham eigenval-
ues were computed on each k point but only those at I" are
discussed in the manuscript because of the direct band gap of
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ZnO. The zero point of orbital energy was set to the top of the
valence band (VB).

The hyperfine interactions of the unpaired electron spin
with the nuclear spin of the ®3Cu nuclide have been deter-
mined. The hyperfine spin-Hamiltonian, Hyse = S+ AL is
given in terms of the hyperfine matrix A, which describes the
coupling of the electron with the nuclear spin.>* The compo-
nents of A can be represented as

Al 0 0 B] 0 0
A= 0 A, O = a;s0U + 0 B, 0|, (D)
0 0 Az 0 0 B3

where U is the unit matrix. The isotropic part, a5, of each
coupling constant is related to the spin density at the nucleus
(the Fermi contact term).

The approach employed to estimate the position of the
thermodynamic and optical transition energy levels (gher™
and ¢°") in the band gap of the material for all the investi-
gated Cu defects has been described in a previous paper.?!
We refer to this work and to the supplementary material** for
all the details of the methodology™ and for the meaning of the
transition energy levels with reference to experimental spec-
troscopic data, such as thermal ionization energies or photo-
luminescence emissions whose comparison will be discussed
here for the specific case of Cu-doped ZnO. Thermodynamic
transition levels are derived from optical transition levels
by addition of the relaxation energy, Ej, computed as the

Zgr -

~
T
N
T
N
/
>

ENERGY (eV)
ENERGY (eV)

2
T
T
(%}
T

K

%MQ?

RN,
/\ \ /;'/ AN

\
|

ENERGY (eV)

N KN
[N e

I‘; WQ‘{
LX
| AN
/

\

0
g -
I KM L A H r KM L A
& b * b
= ‘ Cu 3d ° Ousd+Vy .
34eV CUS 3d 276V 3.4eV s 3.4eV 25eV
: g
———0.9 eV 109 &V 1.0eV e
vb \ A vb 10,1046V ¢ I'{:.270.4 eV vby = '."]]0.6 eV o7 ev
a) Cug b) Cu,Zn; c) CuV,

FIG. 1. Upper panel: spin density plot and schematic structure of the (a) Cug and (c) Cus Vo species in bulk ZnO. Ball and stick and schematic representations
of the (b) CusZn; species in bulk ZnO. Zn, O, and Cu are represented by gray, red, and yellow spheres, respectively. Lower panel: band structures together with
a schematic representation of the electronic structure (from Kohn—Sham eigenvalues in I"). Red and blue arrows represent the unpaired electron delocalized in
the CB for (b) and the unpaired electron localized in the Vg for (c), respectively.
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FIG. 2. Upper panel: ball and stick and schematic structures of the (a) Cuj, (b) CusCu; and (c) Cug2Cuj species in bulk ZnO. Zn, O, and Cu are represented by
gray, red, and yellow spheres, respectively. Lower panel: band structures together with a schematic representation of the electronic structure (from Kohn—Sham
eigenvalues in I'). The red arrow represents the unpaired electron delocalized in the CB for (a) and (c).

total energy difference between the charged state in its relaxed
configuration and in the neutral relaxed configuration.

lll. RESULTS AND DISCUSSION

Various models of copper impurities in ZnO have been
investigated in this work, as detailed in Sec. II. In the follow-
ing we first present monoelemental species: copper substitu-
tional to zinc [Cug in Fig. 1(a)] and copper interstitial [Cu;
in Fig. 2(a)]. The possibility that the copper atom kicks out
a zinc atom from its lattice position, resulting in a Cug in
the presence of an interstitial zinc atom [CusZn; in Fig. 1(b)]
is also explored. Second, higher local concentrations of cop-
per atoms are considered to account for possible multiatom
doping or clustering effects. Finally, the interplay between
copper impurities and possible intrinsic defects of bulk zinc
oxide, such as oxygen vacancies, is discussed.

A. Substitutional copper (to zinc): Cug and CugZn;
1. Cus

Copper substitutional to zinc (Cug) in ZnO has been
largely studied in literature. From an experimental point of
view, copper doping of zinc oxide single crystal was easily
achieved by pulsed laser techniques,® ion implantation,'?3°
flux methods'*?” and high temperature treatments.’®3° In
particular, in a recent work based on the emission channeling
technique,® it has been demonstrated that ~70% of Cu atoms
are substitutional to zinc with root mean square displacements
of 0.16 — 0.17 A from the original lattice site. Copper is in

a 24 formal oxidation state, Cu,>*, replacing a Zn>* lattice
ion and the overall system is thus charge neutral. Cug>* is
reported to be an acceptor species, responsible of the typi-
cal green luminescence in ZnO with a zero-phonon doublet
at 2.86 eV, analyzed by the pioneering work of Dingle.!! This
emission was attributed to the transition from an excited Cu,*
3d'%440 state [A~] to the Cug2t 3d%4sY state [A°] and its cor-
responding acceptor transition level (0/—1), in the semicon-
ductor terminology, was estimated at 0.17 (Ref. 37) and 0.19
eV (Ref. 40) below the conduction band (CB) by electrical
measurements.'® The discrepancy in the position of the state
as obtained by luminescence and electrical measurements is a
consequence of a large Stoke shift in the former case.

The presence of a hole in the Cug?t 3d shell [see
Fig. 1(a)] causes a Jahn-Teller distortion of the tetrahedral
coordination with a shortened axial Cu—O distance from 2.00
to 1.91 A. The unpaired electron is highly localized on a Cu
d-orbital pointing toward the closest oxygen. All the Cu 3d
states are localized inside the VB, except for the unoccupied
beta spin component, 2.7 eV above the VB top [Fig. 1(a)].
The addition of one extra electron fills up the Cu 3d shell and
induces a considerable outward relaxation of the nearest O
atoms by 4% + 9%, restoring the original tetrahedral coordi-
nation. The corresponding relaxation energy, Ey, is 0.58 eV
and the Cu 3d states are lifted up in the band gap and splitted
by the crystal field in e and ¢, components.

a. Transition levels. The transition levels (0/—1) com-
puted in the present work with the hybrid functional B3LYP
are consistent with the experimental data (see Table I), and a
recent work by Lany and Zunger*! using a GGA+U method
and applying a hole-state correction for the Zn and Cu d
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TABLE I. Optical and thermodynamic transition levels for some selected
Cu defects considered in this work (in eV).

J. Chem. Phys. 134, 144506 (2011)

is related to the anomalously large overlap integral between
the 3d and oxygen orbitals,** in contrast with the experimen-
tally estimated 90% ionic character of ZnO.* From the other

it therm opt
Defect Transition @) @ e side, Bates* drew the attention to the possible hybridiza-
Cu, (O/—1) 2.48 3.06 058  tion of the 3d° ground state with the 3d®4p' excited state.
Cu; (+1/0) 3.26 3.20 0.06 According to this hypothesis, the hole is estimated to spend
CusZn; (+1/0) 3.27 3.13 0.14 67.5% and 7.5% of its time in the 3d and 4p orbitals, respec-
Cus2Cu; (+1/0) o 3.27 0.03 tively, which would also explain the large hyperfine coupling
CusVo (+1/0) 2.27 1.12 1.15

states. The green luminescence centered at 2.86 eV corre-
sponds to the PL, transition (see Ref. 21 or Figs. S1 and S2
in Ref. 34 for details) where the excited electron decays from
the defect A~ (Cu™) to the valence band according to the
Franck—Condon principle. Depending on the residence time
of the electron at the Cug* defect, the emission peak should
range from [¢P*™(0/—1) — E’;¢] to £°P{(0/—1),*> computed
from 1.96 to 3.06 eV, respectively, in good agreement with
the experimental peak at 2.86 eV. Previous theoretical works
based on LDA and GGA calculations reported transition lev-
els closer to the VB [0.7 (Ref. 43) and 0.98 eV (Ref. 23),
respectively] that were erroneously interpreted as the origin
of the green luminescence according to a PL; type transi-
tion with the excited electron recombining at the defect level
(see Ref. 21 or Figs. S1 and S2 in Ref. 34 for details). These
calculations are severely affected by the band-gap error and
the self-interaction problem, two well-known shortcomings of
standard DFT methods.

b. Electron paramagnetic resonance properties. Being
substitutional copper to zinc a paramagnetic species in
ZnO (Cuy®* 3d°4s"), it has been investigated by several
groups with the electron paramagnetic resonance (EPR) spec-
troscopy. The continuous wave EPR spectrum of Cu,>* in a
single crystal ZnO was first reported by Dietz et al.'* and
consists of an § = 1/2 species with axial symmetry, inter-
acting with a single Cu nucleus resulting in a well-resolved
hyperfine pattern due to the two copper isotopes (*Cu, I
= 3/2, 69.2% abundant and ®Cu, I = 3/2, 30.8% abundant).
The interpretation of the large g shifts and hyperfine coupling
constants, (see Table IT), much debated in literature, '3 144448
is still an open question. In particular two main currents of
thought can be identified. From one side Dietz et al.'® pro-
posed a model of interpretation of g-shifts involving a consid-
erable covalency with the 3d hole spending 40% of its time
on neighboring oxygens. The major criticism to this theory

constants.

Here, we present for the first time the ab initio com-
putation of hyperfine coupling constants for the model of
substitutional copper in ZnO [Fig. 1(a)]. In the most stable
electronic configuration, described in Fig. 1(a), the unpaired
electron lies mostly in a d,, state, as a consequence of the
trigonal distortion along the c-axis with a shorter Cu—O bond.
The spin density on the Cu atom is 0.74 while 0.15 is on
the axial O, according to a Mulliken analysis. The hyperfine
coupling constants have been obtained after complete decon-
traction of the Cu basis-set to increase the flexibility of the
core s-functions (see Table II). The isotropic component is in
rather good agreement with the experimental value. The neg-
ative value of the gjs, indicates that the unpaired spin density
is of the minority spin character (beta) since gy for Cu is pos-
itive. This can be explained by an exchange interaction of the
spin density more distant from the nucleus, leaving the mi-
nority spin density in the region near the nucleus. The dipolar
tensor B is axial, as experimentally observed. The quantitative
agreement is in this case less satisfactory. The discrepancy is
most probably due to the spin—orbit contribution which has
not been included in the present calculations. This is found to
be essential for the quantitative reproduction of experimental
values in the case of transition metal compounds and in par-
ticular for Cu®** complexes.””>! Although largely underesti-
mated, the computed dipolar components make up the major
part of the hyperfine coupling constants, in line with the fact
that the unpaired electron lies mostly in a d orbital.

2. CusZn;

If the experimental process of copper doping is per-
formed by implantation or through a severe thermal annealing
in oxygen poor condition it is conceivable that one Cu atom
results in a Zn atom lattice position while the Zn is moved in
an interstitial site, with consequent formation of a Cug and a
Zn;. The copresence of these defects (CusZn;) has been in-
vestigated in two configurations: the two species are close

TABLE II. Spin Hamiltonian parameters for ©>Cug2*. All values are in MHz.

Ay Ar Az Aiso B By B3 Spin
Exp. [13]* +584.60 F692.52 F692.52 F266.81 +851.41 F425.71 F425.71
Exp. [14] +593.59 F683.53 F683.53 F257.82 +851.41 F425.71 F425.71
This work® + 449.60 —359.17 —359.17 —89.58 +539.18 —269.59 —269.59 0.74
This work® +333.15 —485.92 —485.92 —212.90 +546.05 —273.02 —273.02 0.74

#We propose a different decomposition of the A tensor into the ajs, and B components than what reported in the experimental Ref. 13 in agreement with the interpretation of Bates
(Ref. 45) and Zheng et al. (Ref. 46).

PCu basis set from Ref. 32.

“Fully decontracted Cu basis set from Ref. 32.
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(2.4 A) or far apart (10.0 A), respectively. When Cug and Zn;
are in close contact there is a significant lattice rearrangement
resulting in the Cu and Zn atoms actually sharing the same
lattice site in a so called split-interstitial configuration [see
Fig. 1(b)]. On the contrary, when the defects are well sep-
arated they are almost unperturbed. In both cases, only one
electron has been transferred from the Zn impurity to the Cuy
while a second electron lies in a perturbed host state [see
lower panel in Fig. 1(b)]. These are shallow donor species
with thermodynamic transition levels ™ (+1/0) computed
to be 0.11 and 0.15 eV from the CB minimum, respec-
tively (see Table I). However, it is relevant to stress that
the second configuration is 1.5 eV less stable than the first
one.

B. Interstitial copper: Cu;

A recent combined experimental and theoretical study
has shown that particular conditions of Cu doping may result
in formation of interstitial Cu. Both tetrahedral and octahe-
dral interstitial voids exist in bulk ZnO. Interstitial Zn species
were computed to be 0.9 eV more stable in the larger octahe-
dral cavity,52 thus we assume that the same interstice is also
favored for Cu; species [see Fig. 2(a)]. Similar structural re-
laxations are observed for Cu; and Zn;, with almost identical
TM-O (2.07 A) and TM—Zn distances (2.44-2.59 A versus
2.42-2.50 A, respectively). In contrast to Zn;, which is a dou-
ble electron shallow donor,?! Cu; is expected to be a single
shallow donor, which is confirmed by the present calcula-
tions [see lower scheme of Fig. 2(a)]. It is noteworthy that,
unlike 3d states of Zn; which are deep inside the VB, the 3d
states of Cu; lie inside the band gap (0.3 eV above the VB
top), in line with a larger stabilization energy of 3d orbitals
with increasing atomic number. The resulting donor state is
a largely delocalized perturbed host state, just below the bot-
tom of ZnO conduction band. The thermodynamic transition
level eh®™(41/0) for Cu; defect center is computed to be
0.13 eV from the CB minimum (see Table I). This com-
puted value can be directly compared with the donor ion-
ization energy of 0.088 eV, experimentally derived from
a high resolution electron energy loss (HREEL) study. The
agreement is extraordinary good, as discussed in a previous
work.?"

C. Magnetic properties: CusCus

The magnetic properties resulting from Cu-doping of
ZnO have been intensively investigated>>?’ with the final
goal of achieving a suitable ferromagnetic material for spin-
tronic applications. The experimental evidences are contro-
versial and ferromagnetism has been so far reported for
both conductive p-type® or n-type®* and insulating>*>> sam-
ples. An accurate description of the direct exchange cou-
pling of Cu ions is important to clarify Cu-doped ZnO
magnetic properties, and eventually to predict potentially
interesting combinations with codopant elements for RT-
ferromagnetism. Hybrid exchange-correlation functionals are
precious tools since local spin density approximation (LSDA)

J. Chem. Phys. 134, 144506 (2011)

and GGA approaches often fail to describe, even qualita-
tively, strongly localized unpaired charge carriers, due to
the spurious delocalization deriving from the incorrect de-
scription of the self-interaction.!®>%57 This problem can be
overcome by adding a percentage of exact Hartree—Fock
exchange, as in hybrid functionals, or using an on-site
potential and requiring the linear dependence of total energy
on the electron occupation, also known as generalized Koop-
mans’ condition.*! In this work we use the hybrid B3LYP
functional, as implemented in the CRYSTALOG6 code, that has
been successfully used to describe the magnetic properties of
a wide variety of solids.>®>8-60

We have considered only the first and third next-
neighbors Cug since the magnetic interactions are reported
to decrease as r—, with r the distance between the Cu ions
and ¢ varying between 11 and 15.' Two configurations are
examined, with the Cu ions lying in the xy-plane (perpen-
dicular to the c-axis) or along the z-axis (equivalent to the
c-axis, see Fig. 3) and with Cu—Cu distance of 3.34 A (next-
neighbors) and 5.27 A (the third next-neighbors), respec-
tively. The atomic positions are fully relaxed for each config-
uration and then they are kept fixed for the calculation of FM
and AFM states. The energy differences, AE = EATM_EPM,
accounting only for the different magnetic interactions, are
negligible, +3 meV and +1 meV for xy-plane and z-axis con-
figurations, respectively. The unpaired electrons in both struc-
tural configurations and in both magnetic states are largely lo-
calized in a d state of the Cu ions with a small delocalization
on one next-neighboring O ion (see Fig. 3). In the lower pan-
els of Fig. 3 a schematic representation of the electronic struc-
ture is reported showing that the Cu d states in the FM state of
both structural configurations are localized in the proximity
of the VB top with the two unoccupied beta spin components
(one for each Cuy) lying high in the band gap of ZnO. The
atomic spin density from the Mulliken analysis on the two
Cu species is 0.74e, indicating a high spin localization. Com-
parison of total energies of z-axis and xy-plane configurations
in the FM magnetic states (FM) shows that the most stable
species is the z-axis one by 8 meV.

In Table III total energy differences from previous works
for comparison with the present hybrid functional results are
reported. It is evident that for the z-axis configuration, where
the two Cu ions are further apart, the FM and AFM solu-
tions are basically degenerate or very close in energy for
all methods. For the xy-plane configuration with two next
neighboring Cu ions, apart from a small supercell B3LYP
calculation which is totally off with respect to the other
values, it is possible to observe that LDA and GGA func-
tionals overestimate the relative stability of the FM solu-
tion, while LDA+U,%> GGA+4U?* and present B3LYP cal-
culations are in closer agreement with a tiny or negligible
energy difference. Note that the supercell models used for
these three calculations are rather different which may ac-
count for the slight differences in energy (LDA+U:32 versus
GGA+U:72 versus B3LYP:192 atoms). These short overview
of the data is fully consistent with the LDA and GGA poor
performances when describing localized unpaired electrons
as discussed above. The larger and spurious delocalization
intrinsic of local spin density approximation (LSDA) and
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FIG. 3. Upper panel: spin density plots and schematic structures of the CusCug species in bulk ZnO for the FM states in the (a) xy-plane configuration and (b)
z-axis configuration. Zn, O, and Cu are represented by gray, red, and yellow spheres, respectively. Lower panel: band structures for the two models in the FM
state together with a schematic representation of the electronic structure (from Kohn—Sham eigenvalues in I').

GGA methods is the probable reason for the overestimated
magnetic interaction between the two Cu centers occupying
the next-neighboring sites (FM versus AFM for xy-plane, see
Table III).

Concluding, the B3LYP results from this work indicate
that Cug impurities in ZnO do not present any direct mag-
netic interaction and would be magnetically disordered at
room temperature. The observed RT-ferromagnetism® %3353
of Cu-doped ZnO might be induced by Cug interaction with
other magnetically active impurities.®*%* However, this anal-
ysis goes beyond the purpose of the present study and will be
the object of future work.

TABLE III. Total energy difference AE = EAPM_EFM (in meV) for xy-
plane (next-neighbors) and z-axis (the third next-neighbors) configurations
with different functional and supercell-size models, as reported in literature.

AE
DFT method N° atoms xy-plane z-axis
This work B3LYP 192 +3 +1
Ref. 62 LDA 32 ~+90 ~+10
Ref. 62 LDA+U 32 ~+25 ~0
Ref. 23 GGA 72 ~+130 ~+10
Ref. 24 GGA 32 +129
48 +120
72 +130
108 +160
Ref. 24 GGA+U 72 ~+30 cee
Ref. 26 B3LYP 32 —669 +13

D. Copper clustering: CusCu;, Cus2Cu;
1. CusCu;

Larger concentrations of Cu species in bulk ZnO may
lead to more complex systems where both substitutional and
interstitial copper species are present. These systems may
present some interesting or unexpected electronic properties.
For example, a substitutional and nearby interstitial copper
pair (CusCu;), after full structural relaxation, are found to
actually share an original Zn lattice position. Thus the two
copper species are perfectly equivalent and cannot be distin-
guished into a substitutional and interstitial copper any more
[see Fig. 2(b)]. This final configuration is obtained starting
from a copper atom both in a tetrahedral or an octahedral
void. Both species hold a Cu™ formal oxidation state since
the original shallow donor Cu; species donates the high lying
electron to the original deep acceptor Cug species. This results
in a close shell configuration as represented schematically in
the lower panel of Fig. 2(b). The nearby Cu,Cu; pair is largely
favored (1.1 eV) with respect to the noninteracting Cug and
Cu; species, far apart in the supercell model, even though the
compensating electron transfer is analogously observed.

2. Cus2Cu;

A second interstitial copper species in the presence of
a Cu,Cuy; pair [Cus2Cu;, see Fig. 2(c)] reestablishes a donor
character of the overall system (¢"°™(4-1/0) = 0.08 eV from
CB minimum), with a single unpaired electron in a perturbed
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FIG. 4. Formation energy of Cu defects as a function of the Fermi level (left panel) at the oxygen poor limit (Ap'o = —3.78, Ap'zy = 0, Ap'cy = 0) and
(right panel) at the oxygen rich limit (Au/g = 0, Ap'zy = —3.78, A cy = —1.70). The slope corresponds to the charge state of the defect considered.

host state [see the schematic representation of the electronic
structure in Fig. 2(c)]. The second Cu; is almost unperturbed
in the original interstitial position both if close to or far apart
from the Cu,Cu; fragment. The former configuration is fa-
vored by 0.5 eV indicating a tendency of Cu species to cluster,
as we will discuss below (see Sec. III F).

E. Interaction with oxygen vacancies: CusVo

Some recent theoretical works?*2% 6295 analyzed the po-

tential interaction between transition metal dopants and oxy-
gen vacancies, Vg, in ZnO. Oxygen-poor conditions fa-
vor oxygen vacancies formation which are double donor
defects.”’"% We have investigated the interplay of a single
neutral Vo with a nearby (in both axial and equatorial posi-
tions) or a distant substitutional copper species (Cus). The sit-
uation with copper substituting one of the nearest zinc atoms
around the vacancy is about 0.4 eV more stable [Fig. 1(c)].
Partial charge transfer from the vacancy to the metal is
observed when the two impurities are in direct contact, with
the unpaired electron still partially localized in a Cu 3d,, state
(0.3e from the Mulliken spin population analysis), as shown
by the spin density plot in Fig. 1(c). The partial spin localiza-
tion on Cu is true for the vacancy in both axial (reported in the
figure) and equatorial positions with respect to the Cu ion. The
Vo state is commonly a doubly occupied state,’” however, in
the presence of an axial neighboring Cu ion, it is mixed with
the Cu d,; state, as proved by the projected density of states
(see Fig. S3 in Ref. 34) and, most importantly, it becomes
singly occupied [see the schematic representation of the elec-
tronic structure in the bottom panel of Fig. 1(c)]. This system
(CusVo), with an unpaired electron in Vg, is still a rather deep
donor with "™ (41/0) = 2.27 eV from VB (see Table I). We
wish to note that these calculations could not be performed in
the presence of ghost functions on the vacancy site because
of technical problems related to the vicinity of the Cu ion.

The absence of ghost functions may induce an enhanced and
spurious mixing of the V¢ state with the Cu d states.

When the two impurities are far apart in the supercell
model (about 10 A) there is no electron transfer from the va-
cancy to the copper ion (0.74e on Cu from Mulliken spin pop-
ulation analysis).

F. Relative stability of Cu species

Finally, the energetics for the various copper defects
which have been investigated in this study and presented in
the previous sections is compared. The relative stability is dis-
cussed in terms of formation energy (Efym = energy cost to
form the defect species) and analyzed as a function of (a) the
Fermi level of the system (Fig. 4) and (b) the oxygen chemical
potential (Fig. 5). The oxygen chemical potential, o, is a pa-
rameter which characterizes the oxygen environment during
synthesis. The environment acts as a reservoir, which can give
or take any amount of oxygen without changing its tempera-
ture and pressure. Low values of po correspond to oxygen
poor conditions and conversely, high values of 1o correspond
to oxygen rich conditions. We take o = 1/2 u(Oz)+ Au'o
with Ao ranging from —3.78 to 0 eV where the value of
Au'o = 0 corresponds to the oxygen rich limit at which oxy-
gen condensation will occur, whereas Au'o = —3.78 is the
calculated formation energy of wurtzite ZnO (to be compared
with the experimental heat of formation of —3.63 eV).%

(a) We first focus the attention on the dependence of
the relative stability of the various defect species with the
Fermi level of the system and fix the oxygen chemical po-
tential at the oxygen poor [puo = 1/2 u(0,)-3.78 eV, Fig. 4
left panel] and at the oxygen rich [uo = 1/2 n(0,), Fig. 4
right panel] limits.

Etom-p,qg(Er) = Ep, — Eg + Zniﬂi +gqlE, + EF],
2
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FIG. 5. Formation energy of Cu defects as a function of delta oxygen chem-
ical potential Au’ o at the zero Fermi level (Er = 0). Note that there are three
regions in function of the predominant equilibrium, i.e., Cu metal, Cu, O, and
CuO, see text for details.

where D is the defect; ¢ is the dimensionless charge state of
the defect (e.g., +1,0,—1); Ep, and Ey are the total energies
of the host+defect and the host-only supercells, respectively;
E, is the bulk valence band maximum; Ef is the Fermi level
referenced to the bulk valence band maximum; »; is the num-
ber of added or removed atoms (negative and positive values,
respectively) to create the defect; and u; is the chemical po-
tential of the defect species. The range of Fermi level con-
sidered goes from the top of the valence band to the bottom
of the conduction band. Only the portion of the curves rel-
ative to the most stable charge state at a certain Fermi level

J. Chem. Phys. 134, 144506 (2011)

is reported. The slope of the curve identifies the charge state:
positive slope corresponds to ¢ = 41, no slope corresponds

to g = 0, negative slope corresponds to g = —1.
At oxygen poor conditions (Fig. 4 left panel), CuZn; is

0.7 eV less stable than Cu;. The shallow donor Cu; is pre-
dominant for a wide range of Fermi level values, confirming
the facility to obtain n-fype conductivity in ZnO. Interstitial
copper species are even more stable by few tenths of an eV
when a donor—acceptor copper pair (Cus2Cu;) is present in
the neighborhood, indicating a tendency of copper defects to
cluster in bulk ZnO. Cu-doping is therefore experimentally
expected to produce inhomogeneously doped regions as re-
ported by Sudakar et al.® and calculated by Huang et al.?
Going toward higher Fermi levels (Ef > 2.18 eV), i.e., for
electron rich systems, the Cug becomes thermodynamically
the most stable species. At oxygen rich conditions, the situ-
ation changes drastically with Cug becoming the most stable
copper defect at any Fermi level (Fig. 4 right panel).

(b) The dependence of the formation energy for the most
stable charge states at the zero Fermi level (Er = 0) of all the
Cu-doped models considered in this work is now analyzed.
In Fig. 5, we report the formation energies as a function of
AL’ o, according to the formula

Etom-p(Apg) = 1/ncyEp — 1/ncyEy + 1/ncy
X [—ncufbcn + nznpizn + no(Vomn(02) + Aug)l, (3)

where nc, is the number of Cu atoms, nz, is the number of
removed Zn atoms and ng is the number of removed oxygen
atoms per supercell in the model considered. For copper and
zinc we use the chemical potential of bulk metals. However,
this approximation is correct at oxygen poor conditions. With
increasing oxygen concentration or for less negative A, the
copper oxides (Cu, O and CuO) and zinc oxide (ZnO) forma-
tion become feasible. Therefore, we consider the following
system of equations:

A/’L,Cu =< O’

CUQO
form

2Ape, + Apfo S E

(calculation — 2.08, experimental — 1.75) )

Ap'co + Ao < ESYO (calculation — 1.70, experimental — 1.64),

form

: : Cu,0 Cu0 :
where the formation energies E; )’ " and Eg} - of the oxides

have been computed with the same computational setup as
for all the other calculations and are in good agreement with
the experimental heats of formation.”® Solving the system of
equations above, we obtained the following values for Au’c,
in different ranges of Au/o:

Apg, = 0 in the range — 3.78 < Au, < —2.08 3)

Apg, = (—2.08 — Auy)/2in the range
—2.08 < Apl, < —1.32 ©6)

Apg, = (=170 — Apl,)in the range — 1.32 < Au, <0
(7

and Ap’,, = (=3.78 — Apl,) for all the range of Au,. (8)

From the graph in Fig. 5, we observe that the clustering
of copper species is energetically favored for a large range of
oxygen chemical potential, especially at oxygen poor condi-
tions. Interstitial copper is also preferred at oxygen poor con-
ditions although it may compete with substitutional copper in
the presence of oxygen vacancies. This was not obvious and
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has the meaning that forcing an interstitial additional copper
atom in the lattice costs approximately as substituting a zinc
atom and removing an oxygen atom altogether. We also learn
that interstitial copper (Cu;) is thermodynamically preferred
to interstitial zinc (CuyZn;), i.e., a copper atom cannot push
a zinc atom from its lattice position into an interstitial site.
Finally, the substitutional copper species becomes favored at
oxygen rich conditions, as expected.

IV. CONCLUSIONS

The purpose of this work is to provide an overview on
copper doped bulk ZnO based on hybrid exchange-correlation
functional calculations. This approach is nowadays the best
compromise between accuracy and computational cost for de-
scribing semiconductor defect properties. B3LYP computed
band gap is in excellent agreement with the experimental one,
which gives the proper ground for comparing calculated tran-
sition energy levels with defect states position in the band
gap as obtained from spectroscopic data. This popular hybrid
functional also provides a better description of spin localiza-
tion and spin properties for unpaired electron systems with
respect to standard LSDA and GGA methods.

Copper has been investigated in a variety of sites and con-
centrations, also in the presence of intrinsic defects such as
oxygen vacancies. Computed properties have been compared
to experimental data. Substitutional copper is confirmed to be
a deep acceptor species while interstitial copper is found to be
a shallow donor one with transition energy levels in very good
agreement with the position of Cu defects states from spec-
troscopic data. Hyperfine coupling constants with ®3Cu nu-
cleus for Cug are computed for the first time and prove a neg-
ative Fermi contact term of the isotropic component and large
values for the dipolar component. Ferromagnetic and antifer-
romagnetic spin configurations have been compared in dif-
ferent structural configurations for substitutional (to Zn) cop-
per species and with previously reported data in literature. Al-
though the ferromagnetic is found to be the true ground state
within our computational setup, the energy difference with
respect to the antiferromagnetic state is so tiny that magnetic
order for this type of system can be excluded. The presence of
a higher concentration of copper impurities is found to favor
copper clustering. Intrinsic defects such as oxygen vacancies
may spontaneously transfer one electron to substitutional cop-
per species. The thermodynamic analysis of the relative sta-
bility of the various copper impurities considered in this work
indicates that interstitial copper is favored for a large range of
oxygen chemical potentials. Substitutional copper is preferred
at oxygen rich conditions. For higher concentration of copper
in ZnO copper clustering is preferred and reduces the cost of
doping.
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