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We present first-principles calculations for fluorine-doped zinc oxide �ZnO:F� by using
density-functional theory. Under O-poor condition, fluorine substitution for oxygen �FO� is
energetically favorable in ZnO. FO can effectively diminish oxygen vacancies. With high fluorine
concentration, fluorine interstitial �Fi� may appear. The high transition energies of FO and Fi suggest
that FO and Fi could act as deep donor and acceptor which cannot provide free carriers in ZnO at
room temperature. The increase of carriers and mobility in ZnO:F could not contribute from deep
donor FO, but may be due to the surface passivation effect of fluorine. © 2010 American Institute
of Physics. �doi:10.1063/1.3492444�

Zinc oxide �ZnO� is a wide-band-gap semiconductor and
has been receiving much attention in recent years due to its
optoelectronic applications in ultraviolet lasers,1,2 solar
cells,3 ultraviolet detection,4 light-emitting diodes,5 thin film
transistor,6 and liquid crystal displays as a substitute for in-
dium tin oxide.7

Fluorine, the radius of which is close to that of oxygen,
could be an appropriate anion doping candidate. A lower
lattice distortion could be expected for F doping, compared
with Al, Ga, and In doping. Recent investigations reveal that
doping fluorine with low concentration in ZnO thin film
could significantly improve the transmittance in visible re-
gion and the mobility of carries. Therefore, fluorine-doped
zinc oxide �ZnO:F� thin films with such advantages could be
applied for transparent electrodes in thin film silicon solar
cell.8 A giant linear electro-optics �Pockels� effect �up to
17 pm V−1 for wavelength about 435 nm� could been
achieved in ZnO:F crystalline films deposited on bare
glass.9 ZnO:F thin films can be deposited by many tech-
niques such as radio frequency magnetron sputtering,10,11

spray pyrolysis,12,13 and sol gel.7,14 ZnO:F nanocrystalline
films can also been prepared from thermal oxidation of ZnF2
films deposited on a silica substrate by electron beam
evaporation.15

First-principles method is a powerful tool to understand
the native point defects in ZnO.16,17 However, no theoretical
investigation of F-doped ZnO has been reported.

In this paper, the first-principles pseudopotential method
was used to calculate the defect formation energies and elec-
trical transition levels in ZnO:F. The calculated results were
discussed in detail, combining with available experimental
phenomenon.

Density functional theory calculations within the local-
density approximation �LDA� in the Teter–Pade18 were per-
formed using plane-wave pseudopotential code ABINIT.19,20

Norm-conserving Troullier–Martins21 type pseudopotentials
for Zn, O, and F were used. The calculated formation enthal-
pies of ZnO and ZnF2, shown in Table I, were highly con-
sistent with the experimental data.22 The 72-atom supercell
with 3�3�2 in the x,y,z directions obtained by repeating

the optimized structure of perfect unit cell was used in the
defect calculations.

The formation energy �Hf �q� is a function of both of
the electron Fermi energy EF and the chemical potentials of
the species involved in the defects.23

�Hf�q� = �E�q� + n�O − �F + qEF. �1�

Where

�E�q� = E�defect,q� − E�perfect� + n�O
0 − �F

0 + qEVBM,

�2�

and where E�defect,q� is the total energy of the fluorine-
doped supercell with charge q. E�perfect� is the total energy
of the perfect supercell. n is the number of oxygen atom
removed from the supercell. �O and �F are the chemical
potential of O and F relative to their chemical potential �O

0

and �F
0 in elemental phase. EVBM is the energy of valence-

band maximum. EF is the Fermi energy of the electrons ref-
erenced to the VBM of ZnO. The details of calculation could
been found in literature.24

The defect transition energy level ���q /q�� is defined as
the value of the Fermi level where the formation energy of q
equals that of q� of the same defect, i.e.,

���q/q�� = ��E�q� − �E�q���/�q� − q� . �3�

Taking into account the restriction of the chemical po-
tentials according to the method described in literature,24 the
calculated stability triangle for ZnO:F systems in the �O and
�F plane is constructed and shown in Fig. 1. The dashed
zone represents the region of stability of ZnO. The labels A,
B, and C represent �O-rich and F-rich� limit, �O-rich and
F-poor� limit and �O-poor and F-poor� limit, respectively.

Table II summarizes the formation energies of FO and Fi
at points A, B, and C defined by Fig. 1. In Table II, the Fermi
energy EF is set at valence band maximum �VBM� or con-
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TABLE I. Formation enthalpies �in eV� of ZnO and ZnF2.

Constituents
Calculated data

�this work�
Experimental data

�Ref. 22�

Zn+ 1
2O2→ZnO �3.56 �3.63

Zn+F2→ZnF2 �4.22 �4.30
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duction band minimum �CBM�, which is corresponding to
p-type or n-type ZnO, respectively. The defect formation en-
ergies, shown in Fig. 2, are strongly dependent on EF for the
charge states. It is evident that FO has the lowest formation
energies under the O-poor condition �C point�, compared
with those under the O-rich condition �A and B�. First-
principles calculations by Janotti et al.16 have found that
oxygen vacancy has the lowest formation energy and acts as
the dominant defect species under Zn-rich �O-poor� condi-
tion. Therefore, less energy is required for fluorine atom en-
tering into the site where the oxygen vacancy forms. From
Fig. 2�c�, it should be noted that the formation energy of FO

is much lower in p-type ZnO than that in n-type ZnO, where
FO is assumed to be 1+ charge state. FO acts as a deep donor
with the transition energy level ��0 /+� at 0.762 eV below the
CBM, shown in Fig. 3.

In the wurzite structure ZnO, the fluorine atom could
occupy the tetrahedral interstitial site or octahedral intersti-
tial site. The calculation results indicate that only octahedral
interstitial site could be stably occupied. As shown in Fig. 2,
the formation energies of Fi are relatively high, even under
the F-rich condition. Fi could act as a deep acceptor with the
transition energy level ��− /0� at 0.672 eV above the VBM,
shown in Fig. 3.

The high transition energies indicate that neither FO nor
Fi can provide carries to the continuous band �conduction
band or valence band� by thermal excitation in steady state at
room temperature. It is suggested that one cannot achieve
n-type or p-type ZnO at room temperature through doping
fluorine. However, FO or Fi can be a potential source of
compensation in p-type or n-type ZnO, respectively.

It is evident that FO is energetically favorable and could
be dominant in ZnO:F, which has been experimentally
supported.15 Fluorine ions occupied at oxygen sites could
result in a diminishing of the oxygen vacancies, which can
been confirmed by the decrease in the absorption and emis-
sion spectra in the visible region due to oxygen vacancies.25

Due to the high activation energy of donor FO �0.762 eV�,
the increase in carrier concentration and mobility of ZnO:F
could not attribute to the electrons from donor FO. In fact, in
nanocrystal thin film of ZnO, a considerable amount of sur-
face dangling bonds can trap free carriers and decrease the
mobility of carriers. Fluorine ions at grain boundaries could
cause surface passivation effect by saturating these dangling
bonds and thus increase carrier concentration and mobility.15

With high fluorine doping concentration, Fi could appear
and act as deep acceptors. The high concentration fluorine in
ZnO films may lead to the change in grain size and increase
the scattering process, and therefore the majority carries mo-
bility is decreased.26

Both FO and Fi in ZnO could cause the noncentrosym-
metric charge density distribution which may lead to the en-
hancement of the linear electro-optics effect.9

FIG. 2. Formation energies of FO and Fi in ZnO as a function of the electron
Fermi energy EF at atomic chemical potentials A, B, and C shown in Figs.
1�a�–1�c�, respectively. The signed numbers stand for the charge states of
defects. Solid dots denote the values of EF where transition between charge
states occurs.

FIG. 3. Calculated transition energy levels of FO and Fi in ZnO.

FIG. 1. Calculated stability triangle for ZnO:F systems in the �O and �F

plane.

TABLE II. Formation energies �in eV� of FO and Fi at points A, B, and C
defined by Fig. 1. The Fermi energy EF is set at VBM and CBM which is
corresponding to n-type and p-type ZnO, respectively.

EF Defect A B C

VBM FO 2.674 4.454 0.894
Fi 5.554 6.554 6.554

CBM FO 5.282 7.062 3.502
Fi 2.856 3.856 3.856
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In summary, the calculations of formation energies for
fluorine in ZnO indicate that under O-poor condition, FO has
lower formation energy than that of Fi. With high fluorine
concentration, fluorine ions may form interstitials. FO and Fi
could act as deep donor and acceptor with high activation
energies of 0.762 eV and 0.672 eV, respectively, indicating
that neither FO nor Fi can provide free carriers at room tem-
perature. FO could play an important role in diminishing oxy-
gen vacancies which is responsible for absorption in visible
region. The fact that doping fluorine with low concentration
can increase the carriers and mobility could be explained by
the surface passivation effect of fluorine.
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