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Abstract ZnO films with varying fluorine content were
prepared on Corning glass by radio frequency magnetron
sputtering of ZnO target containing ZnF2 at room temper-
ature, and the compositional, electrical, optical, and
structural properties of the as-grown films together with
the vacuum-annealed films were investigated. The fluorine
content in the fluorine doped ZnO (FZO) films increased
almost linearly with increasing ZnF2 content in sputter
target, and the highest atomic concentration was 7.3%.
Vacuum-annealing caused a slight reduction of fluorine
content in the films. The resistivity of the as-grown FZO
films deposited showed a typical valley-like behavior with
respect to the fluorine content in film, i.e. having minimum
resistivity at intermediate fluorine content. Despite high
fluorine content in the FZO films, the carrier concentration
remained below 1.2×1020 cm−3, leading to very low doping
efficiency level. Upon vacuum-annealing, the resistivity of
FZO films decreased substantially due to increase in both
the carrier concentration and the Hall mobility. From the
structural analysis made by X-ray diffraction study, it was
shown that addition of small amount of fluorine enhanced

the crystallinity of FZO films with (002) preferred
orientation, and that large amount of fluorine addition
yielded disruption of preferred orientation. It was also
shown that doping of fluorine rendered a beneficial effect in
reducing the absorption loss of ZnO films in visible range,
thereby substantially enhancing the figure of merit.

Keywords Fluorine doped ZnO film . Transparent
conductingoxide .Magnetron sputtering . Vacuum-annealing

1 Introduction

Transparent conducting oxide (TCO) films are materials
which are highly transparent to visible light and electrically
conducting. TCO films have been used in many applica-
tions as transparent electrodes of flat panel devices, solar
cell and IR reflectors. Recently, ZnO films doped with
metallic ions have drawn a great deal of attention as an
alternative for the most widely used Sn doped In2O3 films
due to recent soar in raw material cost of indium [1].
Impurity doped ZnO films are attractive TCOs due to their
low material cost, non-toxicity and stability under hydrogen
plasma together with low resistivity and high visible
transmission [2, 3]. Most of the related studies have been
focused on the Al doped ZnO [4, 5] and the Ga doped ZnO
films due to their low electrical resistivity [6, 7]. Unlike the
abundant studies on ZnO films doped with cation dopants
such as Al or Ga, only a few investigations in which
fluorine was used as anion dopant can be found in
literature. Fu et al. obtained a noteworthy result by doping
fluorine to ZnO (FZO) films using a chemical vapor
deposition (CVD) technique, in which electrical resistivity
of 6×10−4 Ωcm and Hall mobility as high as 40 cm2/Vs
were reported [8]. Chemical spray method was utilized to
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fabricate FZO films by Olivera et al. [9, 10], but the
electrical properties were poorer than those obtained by
CVD. Only study on FZO films deposited using physical
vapor deposition technique can be found in the work of
Miyata et al. [11, 12]. They reported the possibility of
fabricating fluorine doped ZnO with better electrical
properties by using vacuum arc plasma evaporation. On
the other hand, Xu et al. [13] reported that FZO films with
low electrical resistivity of 7.95×10−4 Ωcm and good
optical transparency could be prepared by a controlled
annealing of ZnF2 films, which were deposited by electron-
beam evaporation, in oxygen atmosphere.

Gordon [14] stated in his review article that, unlike
cation dopants which perturbs conduction band, the
fluorine dopant mainly perturbs the valence band, thereby
leaving the conduction band relatively free of scattering,
which would lead to high mobility as well as low
absorption loss in FZO films. Despite such beneficial
effects of fluorine doping, no study has been reported on
the fluorine doped ZnO films by using sputtering technique
which has been widely used for fabrication of TCO films.
In this study, fluorine doped ZnO films were deposited by
radio frequency (rf) magnetron sputtering of ZnO targets
containing ZnF2 at room temperature, and their composi-
tional dependence of the electrical, optical and structural
properties were examined. Also, the changes in the corre-
sponding properties upon vacuum-annealing were analyzed.

2 Experimental details

FZO films with varying fluorine content were deposited on
glass substrates (Corning Eagle) by rf magnetron sputtering
of 2-in. target. The fluorine doping was done by sputtering
ZnF2 containing ZnO targets (0, 1.3, and 10 wt.% ZnF2).
FZO films with six different fluorine content were prepared
by either sputtering single target or co-sputtering of two
targets with different ZnF2 composition, and the target
composition and the respective rf power used for each
sample are listed in Table 1. The estimated ZnF2 content of
co-sputtered film was calculated from the pre-determined
deposition rates by using theoretical densities of ZnO and
ZnF2 [15], and by assuming that all the fluorine atoms in
target were incorporated into the films in the form of ZnF2.

Film thickness was kept at around 200 nm for all the films
by controlling the deposition time according to the predeter-
mined deposition rates which were measured from the films
deposited on strip-masked substrates using a profilometer. The
base pressure in the chamber was below 5×10−5 Pa, and the
sputtering deposition was carried out at a pressure of
0.13 Pa. The distance between the target and the substrate
was 50 mm. The substrate was not intentionally heated, and
rotated at a constant speed of 12 rpm during sputtering.

Annealing experiment was performed in rapid thermal
processing chamber which can be pumped down to below
10−4 Pa. Annealing treatments of the as-prepared films were
carried out in vacuum of 10−4 Pa for 1 h. The usual an-
nealing temperature was 300 °C unless specified otherwise.

For compositional analysis, Auger electron spectroscopy
(AES) analysis was carried out. In order to make
quantitative analysis, composition analysis by using Ruth-
erford backscattering spectrometry was performed on FZO
film deposited by sputtering ZnO target with highest ZnF2
content of 10 wt.%, i.e. having the highest fluorine content
among all samples. And the very same sample was then
analyzed by using AES. By comparing both results, the
sensitivity factor of each element was determined, and used
for other AES analysis. The electrical resistivities, Hall
mobilities, and carrier concentrations were determined from
Hall-effect measurement equipment using a Van der Pauw
method. The structural analysis was carried out by an X-ray
diffraction (XRD) measurement (CuKα wavelength ¼
1:540562A

�
; θ� 2θ scan mode). The optical transmission

and reflection spectra were obtained from a ultraviolet-visible
spectrophotometer in wavelength ranges of 250~1,100 nm.

3 Results

3.1 Electrical properties

Figure 1 summarizes (a) the electrical resistivities, (b) the
Hall mobilities, and (c) the carrier concentrations of the
undoped ZnO and FZO thin films plotted against ZnF2
content in targets. The resistivity of the as-grown FZO films
deposited at room temperature showed a typical valley-like
behavior, i.e. having minimum resistivity at intermediate
fluorine content. Small addition of ZnF2 resulted in fairly
large increase in both Hall mobility and carrier concentra-
tion. As-grown FZO2 film deposited with target containing
1.3 wt.% ZnF2 gave the highest Hall mobility of about
26.4 cm2/Vs together with the maximum carrier concentra-
tion of 1.13×1020 cm−3. Vacuum-annealing of the FZO
films resulted in large drop of resistivity, especially for
films with large fluorine content, due to increase of both the
free carriers and the Hall mobility. The Hall mobility value
as high as 39.2 cm2/Vs was observed for FZO2 film.
Although the carrier concentration increased after annealing
in vacuum, the absolute values were still remained at
relatively low level, the highest carrier concentration being
still less than ~3×1020 cm−3.

3.2 Compositional properties

Shown in Fig. 2 are the variations of fluorine content in the
as-deposited and the vacuum-annealed FZO films measured
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for FZO2, FZO3, and FZO5 samples by AES with respect
to the estimated fluorine content which would be attained if
all the fluorine atoms in target were incorporated into the
films. For the as-grown FZO films, the fluorine contents in
films increased almost linearly with increasing fluorine
contents in targets, although they were slightly lower than
those in target. Vacuum annealing resulted in the reduction
of fluorine content, the extent of decrease in fluorine
content being larger for the films with larger fluorine
contents in the as-deposited states. In an experiment, FZO5
films were deposited at elevated temperature of 250 °C, and
its composition is also presented in Fig. 2. The fluorine

content of FZO5 film deposited at the substrate temperature
of 250 °C yielded only 1.5 at.%, while that deposited at
room temperature using the same target being as high as
7.3 at.%. A similar temperature dependence of fluorine
incorporation was observed in sputter deposited In2O3 films
[16], but the temperature effect was not so pronounced as
was observed in this study for ZnO films.

3.3 Optical properties

In Fig. 3(a), the transmittance spectra obtained for ZnO,
FZO2 and FZO5 films in the as-deposited (solid lines) and
the vacuum annealed (dashed lines) states are compared. It
is clear that the addition of fluorine caused the overall
increase in visible transmission as well as the shift of
absorption edge toward higher energy side. For a given
composition, vacuum-annealing also resulted in a similar
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Fig. 1 Electrical properties of the as-deposited and the vacuum-
annealed ZnO and FZO films, (a) resistivities, (b) Hall mobilities, and
(c) carrier concentrations
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Fig. 2 Fluorine contents in FZO2, FZO3 and FZO5 films with respect
to estimated fluorine content which would be attained if all the
fluorine atoms in target were incorporated into the films. Open circles
with solid line, closed circles with dashed line, and open triangles with
solid lines represent the as-deposited films at room temperature, the
vacuum-annealed films deposited at room temperature, and as-
deposited at 250 °C, respectively

Table 1 List of target composition used and the respective rf power applied to prepare FZO films with different fluorine contents.

Samp1e ID rf power (W) Estimated ZnF2 in targeta (wt.%)

ZnO ZnO–ZnF2 (1.3 wt.%) ZnO–ZnF2 (10 wt.%)

ZnO 50 – – 0
FZO1 50 50 – 0.68
FZO2 – 50 – 1.3
FZO3 – 50 20 2.71
FZO4 – 50 50 4.13
FZO5 – – 50 10

a Calculated values from the pre-determined deposition rates by using theoretical densities of ZnO and ZnF2, and by assuming that all the fluorine
atoms in target were incorporated into the films in the form of ZnF2.
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optical behavior, i.e. the overall increase in visible
transmission as well as the shift of absorption edge toward
higher energy side. Figure 3(b) shows a plot of the
transmittance and the absorption coefficient averaged in
visible range of 400~800 nm. At low fluorine content, the
average transmittance increased sharply, then saturated.
Upon vacuum-annealing, the average transmittance in-
creased by about 1% for all the films. Although it is
evident that addition of fluorine to ZnO films led to
enhanced transmittance, the beneficial effect of using
fluorine dopant can be found more clearly by examining
the absorption loss. The absorption coefficient, α, was
calculated from the spectroscopic optical data by adopting
relationship which is defined with corrections for reflection
loss at the front surface of the sample, i.e., α ¼
1=dð Þ ln 1� Rð Þ=T½ �, where d, T and R are the film
thickness, transmission and reflection, respectively [17].
For the as-deposited films, the average absorption coeffi-
cient kept decreasing with increasing fluorine content. And,

after vacuum-annealing, the films with larger fluorine
content than FZO1 film exhibited very low average
absorption coefficient of about 500 cm−1.

From Fig. 3(a), fairly large shift of the absorption edge
toward the higher energy side (blue-shift) can be seen with
increasing fluorine content. In order to examine the shift of
absorption edge with respect to fluorine content, direct
allowed band-gaps of ZnO and FZO films were evaluated
by using the relation of αhv / hv� Eg

� �1=2
(for hv > Eg),

where h is Planck’s constant, v the frequency, and Eg the
band-gap [18]. The optical band-gaps of ZnO and FZO
films, which were estimated by plotting (αhν)2 vs. hν and
extrapolating the linear portion near the onset of absorption
edge to the energy axis, are plotted in Fig. 4 as a function of
carrier concentration. General behavior of the optical band-
gap can be categorized into three groups, as marked by
dashed circles in the plot, depending on the band-gap
energy level in relation to the carrier concentration; (1)
group 1 films with low fluorine content like FZO1 and
FZO2 including ZnO, (2) group 2 films with intermediate
fluorine content like FZO3, and (3) group 3 films with large
fluorine content like FZO4 and FZO5. For each group, the
optical band-gap exhibited an increasing tendency with
increasing carrier concentration, showing a typical Burstein–
Moss (BM) shift. For a given carrier concentration range,
however, the level of optical band-gap was the highest for
group 3 films and the lowest for group 1 films.

3.4 Structural properties

Figure 5(a) contains XRD profiles of the as-deposited and
the vacuum-annealed ZnO and FZO films. Pure ZnO film
showed only peak from (002) plane indicating a typical
wurtzite structure with (002) preferred orientation. With
small addition of ZnF2, peak intensity from (002) plane
increased, showing maximum intensity for FZO2 film. This

0 2 4 6 8 10
80

82

84

86

88

0

500

1000

1500

2000

2500

A
ve

ra
g

e 
 (

cm
-1
)

 As-dep.
 VA (300o C)

ZnF2 content in target (wt.%)

A
ve

ra
g

e 
tr

an
sm

is
si

o
n

 (
%

)

300 400 500 600 700 800
0

20

40

60

80

100

FZO5(Annealed)

FZO2(Annealed)
FZO5(As-dep.)

FZO2(As-dep.)
ZnO(Annealed)

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavelength (nm)

ZnO(As-dep.)

0 2 4 6 8 10
80

82

84

86

88

0

500

1000

1500

2000

2500

A
ve

ra
g

e 
α  

(c
m

-1
)

 As-dep.
 VA (300o C)

ZnF2 content in target (wt.%)

A
ve

ra
g

e 
tr

an
sm

is
si

o
n

 (
%

)

300 400 500 600 700 800
0

20

40

60

80

100

FZO5(Annealed)

FZO2(Annealed)
FZO5(As-dep.)

FZO2(As-dep.)
ZnO(Annealed)

T
ra

n
sm

it
ta

n
ce

 (
%

)

Wavelength (nm)

ZnO(As-dep.)

(a)

(b)
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is consistent with the observation that dopant or impurity
like Al acted as a mineralizer or surfactant which improves
texturing of growing ZnO film [19]. With further increasing
fluorine content, the intensity of (002) peak diminished,
instead the weaker peaks from (100) and (101) planes
together with (110) peak (not shown in the plot) appeared.
Vacuum-annealing did not induce any appreciable change
in film structure. In Fig. 5(b), the variations in grain size
and (002) peak position are shown. The grain size was
derived from the integral width of the (002) line according
to the Scherrer formula by taking into account the
instrumental peak broadening. The grain sizes were in the
range from 19 to 25 nm except for the FZO5 film which
had the smallest grain size of about 12 nm. Upon vacuum-
annealing, rather small but noticeable increase in grain sizes
of about 1~2 nm was observed. The (002) peak position of
the as-deposited films decreased toward lower angle side
with increasing fluorine content, indicating the expansion
of c-axis lattice parameter. Upon annealing, except for
FZO1 film, the (002) peak position moved toward the
higher angle side.

4 Discussion

Doping efficiency can be evaluated by taking the ratio of
the free carrier concentration to the atomic fluorine

concentration, assuming that the free carriers are originated
solely from the substituted fluorine atoms [8]. It was
reported that ZnO films grown by CVD technique at
elevated temperature had fluorine content less than 1 at.%
[8, 20]. But FZO films grown by CVD had moderate carrier
concentration of 2~4×1020 cm−3, leading to doping
efficiency as high as 0.97 [8]. On the other hand, the
calculated doping efficiencies of the as-deposited FZO2,
FZO3 and FZO5 films were 0.15, 0.06, and 0.007, respec-
tively. Even after vacuum-annealing, the corresponding values
of doping efficiency were merely 0.2, 0.11 and 0.06,
respectively. Considering that ZnO film is known to possess
usually such native donors as oxygen vacancies and zinc
interstitials, the actual doping efficiency would be substan-
tially lower than the calculated ones. The low doping
efficiency observed in our films is ascribed to the non-
equilibrium nature of sputter-deposition. Unlike CVD pro-
cess, in which the deposition follows an equilibrium path,
incorporation of fluorine into the growing film is forced in
sputter deposition process. This would lead to an increased
probability of fluorine atoms to be incorporated into films in
the form of interstitials, compound like ZnF2 phase and/or
grain boundary segregation instead of substituting the
oxygen. The decrease of (002) peak position with increasing
fluorine content observed in as-deposited FZO films and the
relatively large shift of (002) peak position toward the higher
angle position observed for the vacuum-annealed FZO films
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as-deposited and the vacuum-
annealed ZnO and FZO films.
(b) Variations of the grain size
and (002) peak position

J Electroceram (2009) 23:415–421 419



might support the removal of fluorine interstitials upon
vacuum annealing.

The increase in the carrier concentration as well as the
Hall mobility upon vacuum-annealing is attributed to the
filling-in oxygen vacancies by fluorine interstitials. It was
reported in the first-principles pseudopotential calculation
on ZnO that, in oxygen deficiency condition, oxygen
vacancies have lower energy than zinc interstitials and
hence should be more abundant [21]. Since our films were
deposited without intentional addition of oxygen into the
sputter gas, the films will show a tendency of oxygen
deficiency. It is known that the creation of doubly charged
oxygen vacancy is not as effective as singly charged doping
due to low mobility [22]. Furthermore, the fluorine inter-
stitials, if present, would attract free electrons due to the high
electronegativity of fluorine, i.e. act as charge trap sites,
resulting in decrease of the carrier concentration. Therefore,
the filling-in oxygen vacancies by fluorine interstitials upon
vacuum-annealing will lead to increase of the free carriers as
well as the Hall mobility as was observed in this study.

The larger optical band-gap observed in FZO4 and
FZO5 films with higher fluorine contents cannot be
explained by the BM shift. Although blue-shift in nano-
sized semiconductors by quantum confinement effect was
proposed by Brus [23], the grain size of even FZO5 film is
too large to consider the quantum confinement effect as the
reason of blue-shift. One can think of formation of open
structure with large grain boundaries due to small grain
size, but this cannot provide full explanation for FZO4
films with similar grain size to FZO2 and FZO3 films.
Other possibilities are either formation of secondary phase
like ZnF2 by some excess fluorine atoms or segregation of
fluorine atoms at the grain boundaries. ZnF2 is known as a
wide band-gap insulator [24]. Although no report has been
made on the band-gap energy of ZnF2, the optical band-gap
of ZnF2 is thought to be near or higher than 5 eV judging
from the transmission data of evaporated ZnF2 film [13].
During deposition of FZO films with high fluorine content,
excess fluorine may be adsorbed (both chemically and
physically) on the growing surface, hindering further
growth of ZnO crystallites. This would result in smaller
grain size as well as possible disruption of crystal growth
with preferred orientation. And the adsorbed fluorine atoms
during deposition might exist as the adsorbed states by
filling in the dangling bonds at the grain boundaries or
segregated states.

From the above discussion, it seems that excess fluorine
atom at high fluorine content in sputter target is incorpo-
rated in the form of interstitials, compound like ZnF2 phase,
adsorbed states and/or grain boundary segregation. Some of
the interstitial fluorine atoms can be removed upon
annealing by either filling-in oxygen vacancies or diffusing
out to the grain boundaries. And some of the adsorbed

fluorine at the grain boundaries might be removed during
annealing from the film by grain boundary diffusion. The
behavior of the optical band gap might have provided a
clue that the some of the excess fluorine could be formed a
second phase like ZnF2 with high band gap energy. But,
unfortunately, XRD analysis did not give any evidence of
presence of secondary phase like ZnF2 phase. More detailed
study will be necessary to find out the exact form of excess
fluorine and its chemical state in FZO films in the future.

It was evident that addition of fluorine to ZnO films led
to enhanced transmittance as well as the lowered absorption
loss. The beneficial effect of using fluorine dopant can be
found more clearly by examining the figure of merit
(FOM). The quantitative measure for the dimensionless
FOM is defined by FOM=1/ρα where ρ is the specific
resistivity [25]. In Fig. 6, the calculated FOM of FZO films
are plotted. Vacuum-annealed FZO2 and FZO3 films gave
FOM values close to 2, which is fairly high considering that
the resistivity remained in 10−3 Ωcm order range even for
these films. Considering the beneficial effect of fluorine
doping into ZnO such as low light scattering, i.e. low
absorption loss and high Hall mobility, further search for a
proper method of increasing doping efficiency in FZO films
formed by sputtering would provide a possibility of
obtaining excellent TCO films.

5 Conclusions

In this work, fluorine doped FZO films were prepared on
Corning glass by rf magnetron sputtering of ZnO targets
containing ZnF2 at room temperature. Increase in ZnF2
content in target resulted in increase of fluorine content in
FZO films. Despite high fluorine content, all the as-grown
FZO films exhibited relatively low level of the carrier
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concentrations, leading to very low doping efficiency.
Undoped ZnO and FZO films with low fluorine content
exhibited a typical hexagonal wurtzite structure with (002)
preferred orientation, and FZO4 and FZO5 films with high
fluorine content revealed polycrystalline fine structure.
Vacuum-annealing of FZO films deposited at room tem-
perature resulted in improved electrical resistivities largely
due to enhancement of the carrier concentration together
with increase in Hall mobility. No appreciable structural
change was observed except for the small increase in the
grain size and (002) peak shift toward higher angle side. It
was perceived that large portion of fluorine atoms incorpo-
rated into the as-deposited ZnO films might exist in the
form of interstitials, compound like ZnF2 phase, adsorbed
states and/or segregated states at the grain boundaries while
only a little amount being substituted for oxygen atoms. It
was shown that addition of fluorine to ZnO films resulted in
substantial reduction of absorption coefficient in visible
range, and that vacuum-annealing yielded FZO films with
resistivity of about 1.2×10−3 Ωcm combined and with
average absorption coefficients lower than 500 cm−1. The
beneficial effect of low absorption loss combined with high
Hall mobility obtained for FZO films can be further utilized
if a proper way of enhancing doping efficiency, i.e. carrier
concentration, is sought in the future studies.
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