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ABSTRACT

ZnO thin film co-doped with F and Al was prepared on a glass substrate via simple non-alkoxide sol-gel spin coating. For a

fixed F concentration, the addition of Al co-dopant was shown to reduce the resistivity mainly due to an increase in electrical car-

rier density compared with ZnO doped with F only, especially after the second post-heat-treatment in a reducing environment.

There was no effective positive contribution to the reduction in resistivity due to the mobility enhancement by the addition of Al

co-dopant. Optical transmittance of the ZnO thin film co-doped with F and Al in the visible light domain was shown to be higher

than that of the ZnO thin film doped with F only.
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1. Introduction

ain interest item for the present study among various
applications of doped ZnO thin films is the application

of transparent conducting thin films in the flat panel dis-
play area. For flat panel display panels such as flat display
panel and touch screen panel, etc. use of the transparent
conducting films is essential, and the latter have been mass-
produced thus far with emphasis on ITO thin film contain-
ing In.1,2) From the aspect of next-generation fundamental
studies, transparent conducting oxide films for substitution
of ITO have been widely studied, which do not contain the
In element subjected to unstable supply and great price
variations. Such transparent conducting thin films essen-
tially require a low resistivity and a high optical transmit-
tance in the visible light band.1-3)

 The method widely studied as a preparation method for
doped ZnO thin films is a physical vapor deposition (PVD)
method such as sputtering.2-3) In comparison with this, the
sol-gel method4-7) has advantages as a fundamental study
method for the search of material systems, although its
resistivity characteristics are rather poor. Namely, the
advantageous features include that manufacturing equip-
ment is inexpensive and simple, not only host composition
but also types and contents of the added doping elements
can be flexibly varied, and material synthesis begins in a
homogeneous solution state at a molecular level. The follow-
up crystallization heat treatment to finally obtain a crystal-
lized thin film is also possible at a relatively low tempera-

ture. Additional advantages include the fact that thin films
can be formed on diversified substrates including a glass
substrate.4-7)

In the studies on preparation of doped ZnO thin films by
the sol-gel method, Al, Ga, In, etc. are being studied as dop-
ing elements.4-7) As a thin-film coating method onto sub-
strates, the method of dip coating or spin coating is being
adopted. In the previous articles by the present authors,
studies on spin coating of ZnO thin films by the sol-gel
method have been reported, where the results concerning
single dopants such as Ga, Al, and F, etc. were reported in
order.8-10) To form the doped ZnO thin films for application of
a transparent conducting thin film, other study groups
employed metal alkoxides. Unlike the latter, the present
study group has adopted a zinc acetic compound which is
easy to handle and of a low cost as the sol-gel precursor for
Zn. Ga and Al as a doping element were aimed at substitu-
tion of Zn ions,8,9) while F doping was used for substitution of
O ions.10)

The purpose of this article is to prepare ZnO thin films on
glass substrates by co-doping of a small amount of Al along
with F doping of an optimum concentration obtained in the
previous study10) as the basis, and to evaluate the character-
istics thereof. Namely, after fixing the F doping content to
be constant, microstructures along with changes in electri-
cal and optical properties in the thin film were evaluated
following preparation of ZnO thin films with a variation in
the added amounts of Al as a co-doping element.

2. Experimental Procedure

ZnO thin films co-doped with F and Al by sol-gel spin coat-
ing were prepared on glass substrates. The present study
experiments were performed on the basis of the sol-gel spin
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coating method reported by the present authors in the pre-
vious articles.8-10) As the sol for ZnO thin film coating, zinc
acetate dihydrate (Zn(OCOCH

3
)·2H

2
O) was selected as a

starting material. The zinc acetate compound is a supply
source for ZnO as a type of compounds, and has advantages
of being stable at room temperature and of having a low
cost. Also, 2-methoxyethanol with a high boiling point was
selected as the solvent so that volatilization occurred slowly
during spin coating as well as heat treatment process and
compatibility of thin films was realized. Since solubility of
the zinc acetate compound used as a solute in the 2-
methoxyethanol as a solvent is basically low, an adding
method for the molar ratio to Zn acetate to be 1 : 1 was
employed by using monoethanolamine (MEA) as a stabiliz-
ing agent. As the starting materials for F and Al used as
dopants, ammonium fluoride and aluminium nitrate ennea-
hydrate were selected.

After mixing 2-methoxyethanol and MEA at room tem-
perature, the mixture was agitated on a hot plate at about
70oC for 90 minutes, and zinc acetate dihydrate was added
to obtain 0.75 M. As the co-dopants, ammonium fluoride
and ammonium nitrate were added to the mixed solution.
After the final sol solution with preparation completed is
aged for 48 h, the doped ZnO thin films were prepared on
glass substrates using a spin coater.

As a substrate for formation of the thin film, substrates
with 250 Å of SiO

2 
vapor deposited onto soda lime glass

were used. The SiO
2 

glass substrates were ultrasonically
cleaned in distilled water to remove organics and foreign
objects from the surface. Then, dust on the substrates was
blown off by using a nitrogen gun , followed by drying at
80oC for 30 minutes. The sol solution prepared earlier was
dripped onto the substrate for wetting for 10 seconds, and
rotated at a speed of 3000 rpm for 30 seconds. From the
coated thin films, organic solvent remaining on thin films
was removed through pre-heat-treatment in air atmosphere
at 350oC for 10 minutes. To obtain thin films of a sufficient
thickness, the above processes were repeated for a few
times. Finally, for realization of crystallization in ZnO thin
films, the 1st post-heat-treatment was performed in the air
atmosphere at 500 ~ 600oC. The subsequent 2nd post-heat-
treatment was performed in the hydrogen reduction atmo-
sphere (5% H

2
-95% N

2
) to induce electrical activation and

property improvement for the doped ZnO thin films.
By using X-ray diffraction (XRD, D8 Advanced X-ray,

Bruker Axs), crystallinity and preferred orientation, etc. of
the doped ZnO thin films were investigated. Surface shapes
and particle sizes of the doped ZnO thin films were observed
by using Field Emission Scanning Electron Microscope (FE-
SEM, S-4300, Hitachi, Japan). Electrical properties of the
doped ZnO thin films were measured by using Hall Effect
measurement System (HMS - 3000, Ecopia). Electrical
properties such as resistivity, carrier concentration, Hall
mobility, etc. were measured and extracted. And, for optical
properties evaluation as a transparent conducting thin film
for flat panel display, optical transmittance in the visible

light domain of 400 ~ 800 nm in wavelength was measured
by using UV-visible spectrometer (UV-3150. Shimazu,
Japan).

3. Results and Discussion

The present authors have reported the results of prepara-
tion by sol-gel method with addition of F as the single dop-
ant to improve electrical conductivity and material property
characteristics of ZnO in the previous study.10) In the cur-
rent study, experiments were conducted while the added
concentrations of a small amount of Al were varied with the
doping composition of F fixed at 2.0 at. % which showed the
most excellent electrical properties in the previous study. 

Figure 1 shows the results of XRD pattern for the ZnO
thin films co-doped with 2.0 at. % of F and 0 ~ 0.8 at.% of Al.
The thin films were samples with the 2nd post heat treat-
ment in the hydrogen reduction atmosphere (5% H

2 
– 95%

N
2
) at 450oC for 30 minutes after the 1st post heat treat-

ment in the air atmosphere at 500oC for 1 h. For comparison
of diffraction results, the results for the ZnO thin films with
no doping of F and Al are listed alongside. The ZnO thin
films without a dopant and the doped thin films commonly
exhibit diffraction peaks corresponding to (002) face of the
hexagonal ZnO crystal structure. The result is implied
where the ZnO thin film is preferentially oriented along the
(002) face or the c-axis direction. Peak intensity distribution

Fig. 1. XRD patterns of the co-doped ZnO films (F 0 or 2 at.% +
Al 0 ~ 0.8 at.%).
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for the thin film samples doped with F only and the co-
doped thin film samples did not show a large difference. In
the samples with addition of 0.8 at.% of Al as a co-doping
element, the peak intensity was somewhat reduced, and the
weak peaks of (100) face and (101) face were observed.

Within the experimental composition range of the present
study, the undoped ZnO thin films, the ZnO thin films
doped with F only, and the ZnO thin films co-doped with F
and Al are considered to show the preferred orientation
mainly along c-axis. In addition, when the concentrations of
co-doped Al were increased, it was shown that such pre-
ferred orientation could be reduced.

Figure 2 shows the measured results of resistivity for the
co-doped ZnO thin films where Al concentrations were var-
ied between 0 at.% ~ 0.8 at.% after F concentration was
maintained to be constant at 2 at.%. The thin films were
prepared by the 1st post heat treatment in the air atmo-
sphere at 500oC for 1 h, followed by the 2nd post heat treat-
ment in the hydrogen reduction atmosphere (5% H

2
-95% N

2
)

at 450oC for 30 minutes.
According to the previous study results by the authors,10)

the reduction effect of resistivity by the 2nd heat treatment
in the reducing atmosphere was not observed as compared
with the results after the 1st post heat treatment in the air
atmosphere, in the case of ZnO thin films doped with F only.
On the contrary, the result of an increase in resistivity was
exhibited after the 2nd post heat treatment in the reducing
atmosphere.10) In addition, the resistivity when F doping
concentration was 2 at.% was reported to be minimized
commonly for both the measured values of resistivity after
the 1st post heat treatment and the results after the 2nd
post heat treatment.10) The minimum resistivity figure after
the 1st post heat treatment wad 5.62 Ω· cm.10)

As shown in Fig. 2, the thin films doped with 2 at.% of F
and those doped with 0.5 at.% of Al showed a resistivity
value of 7.4 × 10−2 Ω·cm which was the minimum value after
the 2nd post heat treatment in the reducing atmosphere.
Therefore, as compared with the previous study result by
the authors for the ZnO thin films doped with 2 at.% of F

only, the improved characteristics were obtained where the
resistivity was reduced by about 2 orders of magnitude. The
thin films co-doped with F and Al showed the lowest resis-
tivity characteristics when 0.5 at.% of Al was added under
the condition where F concentration was constant at 2 at.%.
Also, it represents the result of improvement by 1 order of
magnitude compared with the resistivity value as the previ-
ous study result9) where only Al was doped.

According to this experimental result, the result could be
observed where the co-doping method with addition of Al
and F induced a change in electrical properties for thin films
unlike the cases of single doping with an individual element
only. Also, the result of a marked reduction in resistivity
values was obtained upon the 2nd post heat treatment in
the hydrogen reduction atmosphere (5% H

2
-95% N

2
) after

co-doping with F and Al, as compared with only the 1st post
heat treatment in the air atmosphere.

Figure 3 shows a graph for carrier concentrations and
Hall mobilities of the ZnO thin films prepared with a
change in the doped amounts of Al while the doped amount
of F was maintained to be constant at 2 at.%. The thin films
were prepared through the 1st post heat treatment in the
air atmosphere at 500oC for 1 h, followed by the 2nd post
heat treatment in the hydrogen reduction atmosphere (5%
H

2
-95% N

2
) at 450oC for 30 minutes. For the composition

where the co-doped amount of Al showing the minimum
resistivity in Fig. 2 as the previous resistivity result was
made to be 0.5 at.%, the carrier concentration and the
mobility showed the values of 5.59 × 1019 cm−3 and 1.12 cm2/
V· s, respectively. The carrier concentration for the sample
where doped amounts of Al were varied with the amount of
F fixed at 2 at.% showed the lowest figure when Al was not
doped, and showed the maximum value of 7.37 × 1019 cm−3

when 0.25 at.% of Al was added. Afterward, the carrier con-
centration was not increased further even if the added con-
centrations of Al were increased, rather showing the result
of a slight reduction. When Al was not added after F was
fixed at 2 at.%, Hall mobility showed the maximum value of
6.61 cm2/V· s, while the minimum value was observed when

Fig. 2. Resistivity of the co-doped ZnO films (F 2 at.% + Al
0 ~ 0.8 at.%).

Fig. 3. Carrier concentration and mobility of the co-doped
ZnO films (F 2 at.% + Al 0 ~ 0.8 at.%).
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0.25 at.% of Al was added. When the added amounts of Al
were more than 0.25 at.%, the mobility was increased again
as the Al concentrations were increased. When Al is co-
doped with the F concentration being fixed, the carrier con-
centrations were increased by about 2 orders of magnitude.
Carrier concentrations did not show a tendency of being cor-
respondingly increased as the Al concentrations were
increased when Al existed as a co-doping element. Carrier
concentrations rather showed the result of being reduced
when the concentrations of the co-dopant Al continued to be
increased. Also, under the condition where the carrier con-
centration showed the maximum value, the mobility exhib-
ited the minimum figure, and showed an increase as the
carrier concentrations were reduced. As a result of adding
Al as a co-dopant with the F concentration maintained to be
constant, the overall tendency was an increase in the carrier
concentrations by about 2 orders of magnitude with addi-
tion of a small amount of Al, while the increasing effect of
mobilities are considered not to exist. In the case of mobil-
ity, it rather showed the result of reduced figures as the
digit number of the carrier concentration was increased.
Consequently, the macroscopic reduction of resistiv-
ity(improvement of electrical conductivity) shown earlier in
Fig. 2 is considered to be most largely dependent on the
increase in carrier concentrations induced by addition of the
co-dopant Al to the fixed F concentration.

Figure 4 shows the FE-SEM pictures of shapes of thin film
surfaces observed for the undoped ZnO thin films, the thin
films doped with 2 at.% of F only, the thin films doped with
0.5 at.% of Al only, and the thin films doped with 2 at.% of F
and co-doped with 0.5 at.% of Al. The thin films were sub-
jected to the 1st post heat treatment in the air atmosphere
at 500oC for 1 h, followed by the 2nd post heat treatment in
the hydrogen reduction atmosphere (5% H

2
- 95% N

2
) at

450oC for 30 minutes. Surface shapes for the undoped ZnO
thin films and the thin films with 2 at.% of F added were
observed not to have a large difference. In contrast, particle
sizes can be observed to be remarkably reduced in the thin

films with addition of 0.5 at.% of Al only. Crystal sizes of
thin films with co-doping of 2 at.% of F and 0.5 at.% of Al are
considered to be between the crystal size of the thin films
with single doping of F only and that of the thin films with
single doping of Al only. Relatively fewer pores were
observed for the co-doped thin films as compared with the
undoped films and the films having single doping of F only.

 Figure 5 shows a graph for optical transmittance in the
visible light domain (400 ~ 800 nm) of the ZnO thin films
prepared by doping with a given concentration of F and
varying concentrations of the co-doped Al. The thin films
prepared by sol-gel method were subjected to the 1st post
heat treatment in the air atmosphere at 500oC for 1 h, fol-
lowed by the hydrogen reduction heat treatment in the
hydrogen reduction atmosphere (5% H

2 
– 95% N

2
) at 450oC

for 30 minutes. Thickness of the thin films co-doped with 2
at.% of F and 0.25 at.% of Al was 295 nm, and an excellent
optical transmittance of about 96% was exhibited. Thick-
ness range for the ZnO thin films co-doped with F and Al was
290 ~ 320 nm, and an optical transmittance of about 92 ~ 96%
was observed in the visible light domain. Also, within the
concentration variation range of the present experiments
the ZnO thin films with additional co-doping of Al showed
rather the improved results in optical transmittance across
the entire range in comparison with the thin films with sin-
gle doping of F only.

Therefore, in the doped ZnO thin films based on F, inter-
esting results could be obtained where Al added as a co-dop-
ing element contributed to the improvement of optical
transmittance. Based on the XRD diffraction results of Fig. 1,
the results could also be observed where the preferred orien-
tation observed with a continued increase in the contents of
added Al began to be reduced. Macroscopic aspect of resis-
tivity as well as the variation aspects of microscopic carrier
concentration and mobility which were observed when the
contents of added Al continued to be increased at a given F
concentration are considered to suggest that the domain of
optimum doping concentration exists within a given range.

Fig. 4. FE-SEM micrographs of the surface of the co-doped
ZnO films (F 0 or 2 at.% + Al 0.5 at.%).

Fig. 5. Optical transmittance of the co-doped ZnO films (F
2.0 at.% + Al : 0.25, 0.5, 0.8 at.% of F).
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In the aspect of particle sizes for the polycrystalline ZnO
thin films obtained by the sol-gel method, the particle sizes
of the undoped ZnO thin films and the ZnO thin films with
single doping of F only tended to be larger than those of the
thin films with single doping of Al only, and hence the parti-
cle sizes upon additional co-doping of a small amount of Al
with F as the base could be observed to be larger in compar-
ison with those for the polycrystals doped with Al only.

4. Conclusions

As compared with material properties of the ZnO thin
films with single doping of F only, the ZnO thin films co-
doped with F and Al showed the results of reduction in
resistivity by 2 orders of magnitude after undergoing the
2nd post heat treatment process in a reducing atmosphere.
When the added amounts of Al are varied while the F con-
centration is fixed to be constant, the concentration range
for Al addition minimizing resistivity is considered to exist,
and the factors determining such macroscopic change in the
resistivity are considered to mainly originate from the
increase in carrier concentrations as a result of Al addition.
In contrast, the reduction effect of resistivity due to an
increase in mobilities is considered not to exist even if Al is
added at a constant F concentration. In comparison with the
ZnO thin films with single doping of F only, the ZnO thin
films with co-doping of F and Al exhibited rather an
improvement of optical transmittance in the visible light
domain. Meanwhile, it has been observed that the crystal-
linity and the preferred orientation of the thin films as well
as the particle sizes and the compactness of the polycrystals
were affected according to the presence status and the con-
tents of doped F and Al. 
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