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A change of the electron density distribution and a transforma-
tion of energy states of ZnO films with various thicknesses and
different impurities (Cu, C, and Ag atoms) are investigated. The
effects of compression, hydrogenization, and a defect of the number
of atoms on the surface are examined. The results were obtained
in the frame of the theory of pseudopotential by ab initio calcula-
tions and with the use of the electron density functional.

1. Introduction and Statement of the Problem

Thin films of ZnO are intensively studied in the last
years, because this material has a wide range of applica-
tions in technology. Oxide ZnO is the well-known, chem-
ically and thermally stable semiconductor of the n-type
which is sensitive to toxic and flammable gases. Pure
and doped films of ZnO are studied as a basis for sen-
sors of O2 [1], H2 [2], NOX [3], ethanol [4], CO, CH4 [5],
etc. Pure oxide ZnO and one with Cu atoms on the
surface are used as catalysts in chemical reactions [6].
Oxide ZnO with impurities Ga and In is a very sensitive
inorganic scintillator and is useful in the registration of
alfa-particles [7]. Due to the wide energy gap (3.32 eV),
semiconductor ZnO is attractive for the designers of light
diodes/lasers which emit light with small wavelengths
and is used as a material for transparent conducting
films. As a nanomaterial, ZnO is realized in various
morphological forms: nanofilms, nanowires, nanorods,
and nanospheres [8–19]. Recently, the possibility to use
nanorods in short-wave lasers was demonstrated in [20–
22]. For all mentioned applications of ZnO, of special
meaning are the data on its behavior on the nanoscale.

Zincite (ZnO) is crystallized into a structure of the
wurtzite type with the following parameters of an ele-
mentary cell: a = b = 3.249 Å, c = 5.205 Å. Oxygen

atoms О form a two-layer dense packing, where zinc Zn
occupies a half of tetrahedral voids of a single orienta-
tion. In its structure, the layers of various atoms al-
ternate along the crystallographic axis c̄ and cause the
polarity of crystals: Zn2+ and O2− form layers (0001)
and (0001̄), respectively. The distances Zn–O along the
axis c̄ are 1.992 Å and are equal to 1.973 Å along two
other directions. In the hexagonal structure of wurtzite,
each anion is surrounded by 4 cations which are placed
at the vertices of a tetrahedron (the same is true for
cations). It is a typical coordination sp3 of the covalent
bonding, but ZnO has also a significant ionic character
(a degree of ionicity equals 0.675). The electron config-
urations of O and Zn are, respectively: 1s22s22p4 and
1s22s22p63s23p63d104s2. Orbits 2s and 2p of atoms form
the occupied valence band, levels 4s of Zn2+ for the con-
duction band, and levels 3d of Zn are hybridized with
levels 2p of О according to the tetrahedral symmetry
and are responsible for the covalent component of the
bonding of ZnO. A wurtzite crystal is bounded by the
surfaces (1010) and (1120) which are nonpolar and by
the polar ones, (0001) (Zn) and (0001̄) (O) (Fig. 1) [23,
24]. By the ionic deposition with a subsequent annealing
at not too high temperatures, all four types of surfaces
with the arrangement of atoms like that in bulk can be
obtained.

The analysis of polar surfaces meets the fundamental
problem which is due to the ionic model of those surfaces,
according to which they are unstable and cannot exist.
They are named the Tasker surfaces of type 3 [25]. Using
the simple arguments of electrostatics, it can be shown
that the surface energy diverges for such a configuration
of ions. However, the polar surfaces of ZnO are amus-
ingly stable in reality, and many experiments demon-
strate that they exist in the nonreconstructed, pure, and
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completely ordered state [26]. Despite the significant
number of studies, the question about the mechanisms
of stability of polar surfaces of ZnO remains unanswered.
For example, the authors of work [27] performed ab ini-
tio calculations and considered that the stabilization of
polar surfaces is attained by the transport of charge as a
result of the strong compression of double layers Zn–O.
Such a compression from 20% to 50% was observed in
some experiments [28, 29, 30]. Other researchers [31, 32,
33] conclude, on the contrary, that the distance between
Zn–O layers is the same as in bulk. Recently, a new
mechanism of stabilization of the surface of Zn atoms
was proposed in [34], where the authors used the scan-
ning tunnel microscopy and observed a deficit of about
25% atoms of Zn on the surface. Possibly, such a re-
duction in the number of Zn atoms on the surface is
sufficient for the transfer of the charge necessary for its
stabilization. Another possible mechanism of stabiliza-
tion of the O surface by means of the covering of it by
hydrogen, whose concentration was not reliably deter-
mined, was observed in experiments on the scattering of
helium [35]. Thus, the data on the atomic and electronic
reconstructions, as well as energies and the dispersion
width of states related to the broken bonds of ions of
polar surfaces in ZnO, are contradictory. Therefore, the
additional information for their clarification is urgently
needed. Another problem restricting the development
and the application of ZnO-based optoelectronic devices
is related to the absence of p− n junctions in ZnO. It is
known that as-produced ZnO is a semiconductor of the
n-type with many donor defects such as VO and Zni.
Therefore, it is very difficult to dope ZnO in order to
make it a semiconductor of the p-type due to the self-
compensation by donor defects. Oxide ZnO was doped
by elements of the I-st and V-th groups with positive
results. The alloying by C (element of the IV-th group)
was mainly studied in the context of magnetic proper-
ties [36,37], whereas its effect on the p-transformation
was examined superficially [38,39]. The influence of the
defects CZn+Oi on the transition of films of ZnO to the p-
type was considered in [38]. Ab initio calculations made
in [39] indicate the possibility of the p–transformation if
C replaces O at a concentration of 12.5%. In this case,
the acceptor level was by 0.33 eV above the top of the
valence band. The authors of works [40, 41] assumed
that the alloying of ZnO by Cu atoms should be accom-
panied by the appearance of holes. For example, Cu has
the electron configuration 3d94s2 and reveals the ten-
dency to form ion Cu1+ with the electron configuration
3d104s0 and an ion radius of 0.6 Å which is close to the
radius of Zn2+. This allows one to consider that the

Fig. 1. Atomic structure, the density of states, and the band
structure of bulk ZnO [23, 24]

replacement of Zn by Cu atoms will lead to the config-
uration of Cu1+ with an associated hole. Atom Li has
the electron configuration 1s22s1 and, like Cu, try to
form a single-charge cation (1s22s0) with an ion radius
of 0.59 Å which is close to the radius of Zn2+, and can
be also a supplier of holes [42]. However, the mecha-
nisms of interaction of ZnO with impurities are studied
else slightly.

In the frame of the present work with the use of the
electron density functional and the pseudopotential, we
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Fig. 2. Elementary cell of a film of ZnO made of 6 atomic layers
and the cross-section perpendicular to the surface; the distances
between layers are denoted

carry out ab initio calculations to examine a redistri-
bution of the electron density and a transformation of
energy states in thin films of ZnO doped by atoms Ag,
C, or Cu. The comparison with pure films is performed
to clarify the transformation of the type of conduction of
ZnO to the p-type. The films have 4 or 6 atomic layers in
thickness and polar surfaces. The effects of compression,
hydrogenization of the surface of films, and a defect of
the number of atoms on the surface are examined with
the purpose to comprehend the nature of the stabiliza-
tion of polar surfaces.

2. Models and Methods of Calculation

The results were obtained with the help of the authors’
program code [43] which realizes the Car–Parrinello
quantum-mechanical dynamics with the use of a local
approximation in the formalism of the electron density
functional [44, 45] and an ab initio norm-conserving
pseudopotential [46]. The ground states of electron-
nucleus systems were determined by the algorithm of
quantum dynamics if variables of the electron and nu-
clear subsystems are simultaneously optimized or by
means of the diagonalization of the Kohn–Sham matrix
of a system if only the electron variables are determined
at fixed atomic cores. Following works [47, 48], we write
the electron density in terms of occupied orthonormal-
ized one-particle wave functions:

n(r) =
∑
i

|ψi(r)|2. (1)

In the Born–Oppenheimer approximation, a point on
the potential energy surface was determined by a min-
imum with respect to the wave functions of the energy
functional:

E [{ψi}, {Rj}, {αν}] =
∑
i

∫
Ω

d3rψ∗i (r)
[
− ~2

2m
52

]
×

×ψi(r) + U [{n(r)}, {Rj}, {αν}] , (2)

where {Rj} are the coordinates of nuclei, and {αν}
stands for all possible external influences on the system.

In the commonly accepted approach, the minimiza-
tion of an energy functional with respect to one-particle
orbitals ψi under additional conditions of orthonormal-
ization imposed on ψi leads to the Kohn–Sham self-
consistent one-particle equations:{
− ~2

2m
52 +

δU

δn(r)

}
ψi(r) = εiψi(r). (3)

We expand the one-particle wave function ψi in a se-
ries in plane waves. The series length was chosen to be
such that about 20 plane waves correspond to one atom
(the number of waves was limited by the power of a
computer). In the case where only the electron variables
were sought at fixed cores, we calculated the Kohn–Sham
matrix for Eq. (3) at a certain value of the wave vec-
tor k from the Brillouin zone. The matrix is composed
from elements on the operators of kinetic energy and the
ion pseudopotential which is screened by the dielectric
function ε(G) in the Thomas–Fermi approximation:

ε(G) = 1 +
3
2

4πze2

ΩG2E0
f

. (4)

Here, E0
f =

(
3π2 z

Ω

)2/3

is the Fermi energy of a free
electron gas, and z is the number of electrons in volume
Ω.

The diagonalization of the Kohn–Sham matrix allows
us to obtain coefficients in the expansions of the wave
function and the energy spectrum Ei(k).

To reproduce a film of ZnO which is infinite in two
directions and has two polar surfaces (0001) (Zn) and
(0001̄) (O), we constructed the atomic basis of a primi-
tive tetragonal cell of the superlattice which is composed
of 32 atoms and includes 4 atomic layers or of 48 atoms
and includes 6 atomic layers (Fig. 2). The size of the ele-
mentary cell which reproduces the translational symme-
try of the system of atoms was taken 4 x 1 (as compared
with the size of a wurtzite cell of 1×1) in a plane which
is parallel to the surface. This allowed us to create a
quite significant concentration of impurities. In a plane
perpendicular to the surface, the size was chosen such
that the translationally repeated films do not influence
one another.

The calculations were performed only for the Γ-point
of the Brillouin zone of the superlattice in view of the fact
that just it is referred to the fundamental energy gap of
a ZnO crystal and, as shown in all known studies, does
not change its position, when the morphology of ZnO

1130 ISSN 2071-0194. Ukr. J. Phys. 2010. Vol. 55, No. 10



ELECTRONIC PROPERTIES OF DOPED ZnO FILMS

Fig. 3. Section of the bulk electron density in the neighborhood
of Zn atom from the surface layer (0001) in various models which
were calculated

varies at the transition to the nanoscale. The number of
valence electrons for Zn was taken 12 with regard for 10
d-electrons of the previous shell. That is, the electron
configurations of ionic cores within the pseudopotential
ideology were considered 3d104s2 for Zn and 2s22p4 for
O, respectively.

3. Results of Calculations and Their Discussion

We do not optimize the atomic basis of a supercell. To
clarify the mechanisms of stabilization of the polar sur-
face of a ZnO film, we carried out calculations for 4- and
6-layer films without compression of Zn–O layers with
pure surfaces and with the arrangement of atoms like
that in bulk; for a 6-layer film with the compression of
layers to their positions which were obtained in [27]: dis-
tances d23 between the external layers (see Fig. 2) were
reduced by 50% relative to the bulk ones; for a 4-layer
noncompressed film, for which the surface with O was
covered by atoms of hydrogen placed on the positions of
the next layer at the distance of a hydroxyl group; and
for a 6-layer noncompressed film with a defect of the
number of atoms Zn on the surface at a concentration
of 25%. We determined the distributions of the electron
density in bulk and on the surface of a film (Fig. 3) and
the density of states for the Γ-point of the Brillouin zone.

It is known that the compression of a film can change
its structure of the wurtzite type to that of rock salt [49].
As indicated in [27], such a change occurs at pressures
more than 9 GPa. But, at the compressions attained in
the present work, the pressure was lower (the calculation

Fig. 4. Section of the bulk electron density in the neighborhood
of O atom from the surface layer (0001̄) in various models which
were calculated

pressure was at most 7 GPa). Hence, we consider that
the film structure is invariable.

By analyzing the changes of the distributions of va-
lence electrons in the region of surfaces, we can evaluate
the extent of the influence of the internal electric field
on the total distribution of the electron density. First,
it is seen that an increase in the film thickness causes a
decrease in the charge of surface atoms on both bound-
ing surfaces. This fact allows us to conclude about a
decrease in the influence of the electric field arising be-
tween polar surfaces, as the thickness of films increases,
in agreement with results in [27]. A similar outflow of
the electron charge is observed for compressed films with
various thicknesses. Moreover, this is more pronounced
for thin films. Other, but similar to one another, pat-
terns of a transformation of the charge on surfaces are
observed for films with adsorbed hydrogen on a surface
of O and with a defect of the number of Zn atoms on the
Zn surface up to 25%. Here, on the contrary, the charge
inflow to surface atoms is observed.

As for the energy gain in various models of a film,
the atomic configurations lowest in energy are observed
in thicker films, where the stabilization of surfaces can
occur due to a compression of layers or due to the adsorp-
tion of hydrogen. The energies of such atomic configura-
tions are close, whereas the configurations with broken
stoichiometry have higher energies.

As for the clarification of the transformation of the
conduction type of ZnO to the p-type, we carried out
calculations for 6-layer noncompressed film, for which a
part of atoms of zinc or oxygen was replaced by other
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Fig. 5. Distribution of electrons over energy bands for the Γ-point
of the Brillouin zone. The vertical axis gives the number of states,
and the horizontal axis represents the energy range

atoms. In Fig. 5, we present the distribution of electrons
over energy bands for the Γ-state. This distribution
was obtained by numerical calculations of the derivative

lim
ΔE→0

ΔN
ΔE

, where ΔN is the number of allowed states
which fall in the energy interval ΔE of a one-particle
energy spectrum Ei(k = 0) obtained in the course of the
diagonalization of the Kohn–Sham matrix. The num-
ber of energies in the spectrum was controlled by the
size of the expansion of a wave function. According to
the ideology of the electron density functional, we deter-
mined the occupied states at T = 0K, which allowed us
to find a position of the Fermi level with regard for the
last occupied state. The number of occupied states was
determined by the half-number of electrons (because the
spin of electrons was not considered). The information
about the following unoccupied allowed state gives us a
possibility to determine the position of the first unoccu-

pied state (the bottom of the conduction band) and the
presence of the energy gap.

The comparison of the calculated distributions of
states of valence electrons for the Γ-point of a ZnO film
with two surfaces of dangling bonds with an analogous
distribution for bulk ZnO is complicated by the presence
of additional states due to surface atoms and impurity
atoms. Therefore, the obtained distributions were used
only for relative comparisons at a change of the chemical
composition of the film.

The analysis of the density of states for the Γ-point
of the Brillouin zone (Fig. 5) indicates that the valence
band extends at the replacement of Zn atoms by atoms of
copper and silver at concentrations of 4% and 12.5%, re-
spectively, which is related to the hybridization of states.
In addition, we see, in all the cases, the formation of new
energy levels in the lower part of the valence band, which
is related to 2p states of O and 3d states of Zn (Cu or Ag)
(see arrows in Fig. 5). In this case, the formation of such
levels is less pronounced for silver. As for the introduc-
tion of carbon at a concentration of 4% into positions
of oxygen, no considerable changes in the structure of
the energy spectrum were observed, as distinct from the
conclusions drawn in [39] at a carbon concentration of
12.5%.

4. Conclusions

1. Within the methods of electron density functional
and pseudopotential with ab initio calculations, we have
obtained the distributions of the density of valence elec-
trons and the electron energy spectra for thin ZnO films
doped with Ag, C, or Cu atoms at concentrations of 4%
and 12.5%. The thickness of films was 4 or 6 atomic
layers. The effects of compression, hydrogenization of
surfaces, and a defect of the number of atoms on the
surface are examined.
2. The stabilization of polar surfaces of a ZnO film is
realized due to a redistribution of the density of valence
electrons.
3. An increase in the thickness of a ZnO film causes a
decrease in the charge related to surface atoms on both
bounding surfaces. A similar outflow of the electron
charge is observed at a compression of thin films.
4. Another type of the charge transformation, namely
the inflow of charge to surface atoms, is observed for
ZnO films with hydrogen absorbed on the О surface and
with a defect of the number of Zn atoms up to 25% on
the Zn surface.
5. At the replacement of Zn atoms in a film of ZnO by
atoms of copper and silver at concentrations of 4% and
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12.5%, respectively, we have observed a spreading of the
valence band, which is related to the hybridization of
states. In this case, the new energy levels are formed in
the lower part of the valence band which are related to
2p states of O and 3d states of Zn (Cu or Ag).
6. Introduction of carbon at a concentration of 4% into
positions of oxygen gave no considerable changes in the
structure of the energy spectrum of valence electrons.
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ЕЛЕКТРОННI ВЛАСТИВОСТI ЛЕГОВАНИХ ПЛIВОК
ZnO: РОЗРАХУНОК IЗ ПЕРШИХ ПРИНЦИПIВ

Р.М. Балабай, П.В. Мерзликiн

Р е з ю м е

Дослiджено змiну розподiлу електронної густини та трансфор-
мацiю енергетичних станiв у плiвках ZnO рiзної товщини та з
рiзними домiшками (Cu, C, Ag) при стисканнi плiвки та без
нього, з гiдрогенiзацiєю поверхнi плiвки або з введенням дефе-
кту кiлькостi атомiв на поверхнi. Результати одержано в рам-
ках теорiї псевдопотенцiалу iз перших принципiв та функцiо-
налу електронної густини.
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