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Transparent conductive fluorine-doped indium oxide thin films were prepared by an
atmospheric-pressure chemical vapor deposition method. The raw material was
[C;HsCOO0}, In[H(CF,),COO0]. The polycrystalline films were obtained at a reaction
temperature in the range of 350-450 °C. This chemical vapor deposition method incorporates
fluorine atoms into a crystalline structure and consequently leads to a high carrier
concentration, yielding fluorine-doped indium oxide films of low resistivity. For the 320-nm-
thick film deposited at 380 °C, the resistivity was 4.4 10 ~—4 O cm, and the sheet

resistance was 13.8 Q/C1.

l. INTRODUCTION

Indium oxide (In,O3) thin films have a wide range of
applications, e.g., transparent electrodes of liquid crystal
and other displays, with developing preparation methods
of thin films of high quality. In particular, In,O; films
doped with tin (ITO) are widely used as transparent con-
ductive films. Recently, fluorine-doped indium oxide
(Iny,04:F) has been reported to have potential applications
as a transparent conductive film.!

High-quality In,O; film has been prepared by various
physical vapor deposition methods such as vacuum evap-
oration, rf sputtering, dc sputtering, and rf ion plating.
However, reports on the use of the chemical vapor depo-
sition (CVD) methods*” are few in spite of the fact that
the CVD method does not require a high vacuum and
accordingly has the advantage of relativé ease for large-
scale application, granting the possibility of coating com-
plicated shapes. In,O; film has been difficult to prepare by
the thermal CVD method because of a lack of volatile,
thermally stable precursor materials. In addition, the
In,O4:F film deposition processes® have suffered from a
lack of reproducibility because of the difficulty in doping
fluorine.

In this paper, an indium 2-ethylhexanoate derivative is
proposed as a precursor material for obtaining In,O3:F
films. The low-temperature CVD of this raw material,
which involves bonds with fluorine atoms, yields fluorine-
doped films with no need of supplying a fluorine donor.
The reaction temperature for obtaining the film of the low-
est resistivity will be discussed on the basis of the carrier
concentration and mobility which were measured by using
the Hall effect.

il. EXPERIMENT

Indium 2-ethylhexanoate derivative ([C;H;sCOO],
XIn [H(CF,),C00], Nihon Kagaku Sangyo Co., Ltd.) of
reagent grade was used as the source materials.
[C;H,;CO0],In [H(CF,),C0O0] was placed in a container
maintained at 280 °C. The generated gas was entrained by
nitrogen carrier gas.
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76X26 mm borosilicate glass plates and quartz glass
plates were used as the substrates. The substrate was
placed in the reactor heated by an external electric furnace.
The reaction temperature ranged from 350 to 450 °C.

The composition of the film was measured by x-ray
photoelectron spectroscopy. The crystallinity of the film
was analyzed by the x-ray diffraction method with Cu K¢
radiation. The electric resistivity of the film was measured
by the van der Pauw method. The optical transmittance of
the film was obtained by means of a multipurpose record-
ing spectrophotometer. A blank glass substrate was in-
serted into the reference beam path of the spectrophotom-
eter. '

IIl. RESULTS AND DISCUSSION

The transparent conductive In,O4:F film was obtained
by - thermal  decomposition of [C;H;5COO0],
X In[H(CF;),COO] in an inert (nitrogen) atmosphere.
That is, the thermal decomposition of metallic complex
salt, which involves metal —oxygen bonds, yields metal
oxide film with no need of supplying an oxygen donor. This
reaction scheme is consistent with that observed in the
preparation of In,Os film from indium carbonate.*’

Figure 1 shows a typical example of the x-ray diffrac-
tion pattern of the In,O4:F film deposited on a borosilicate
glass at 380 °C. The pattern indicates a characteristic large
(400) peak. Figure 2 shows the ratio of the intensity of
(400) peak to (222) peak as a function of reaction tem-
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FIG. 1. X-ray diffraction patterns of the In,O4:F film deposited on boro-
silicate glass substrate at 380 °C.
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FIG. 2. Ratio of thé intensity of (400) peak to {222) peak as a function
of reaction temperature.

Reaction temperature

perature. Within the range of reaction temperature, the
ratio is consistently larger than that (0.33) for the nonori-
ented polycrystalline, indicating (400) plane texturing,
which was observed in fluorine doping* and tin doping>®
for In,O; film. Figure 3 shows the full width at half max-
imum (FWHM) of the (400) diffraction peak as a func-
tion of reaction temperature. The result suggests that the
crystallite size in [400] direction monotonically decreases
with increasing reaction temperature. From the value of
the FWHM of the (400) diffraction peak, the crystallite
size in [400] direction was obtained to be 43 nm at 400 °C.

Figure 4 shows the electric resistivity, carrier concen-
tration, and Hall mobility for the In,O4:F film as a function
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FIG. 3. Full width at half maximum (FWHM) of the diffraction peak

corresponding to the (400) reflection as a function of reaction tempera-
ture.
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FIG. 4. Electric resistivity, carrier concentration, and Hall mobility for
In,0,:F film as a function of reaction temperature.

of reaction temperature. The carrier concentration shows
the maximum value at about 370 °C, while the Hall mobil-
ity peaks at about 430 °C. As a result, the In,O.:F film give
the minimum value of resistivity at 380—400 °C. The lowest
resistivity was obtained for the film deposited at 380 °C; the
resistivity was 4.4X 10~ % © cm, and the sheet resistance
was 13.8 Q/[1 for the 320-nm-thick film. About the carrier
concentration, the fluorine content of the film is expressed
as the atomic ratio F/In, and it is shown in Fig. Sas a
function of the reaction temperature. The fluorine content
is maximum at 370°C , and the content decreases with
increasing temperature from 370 °C. A comparison of Fig.
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FIG. 5. The ratio ¥/In of In,O4:F film as a function of reaction temper-
ature.
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FIG. 6. Optical transmittance of 98-nm-thick In,O4:F film deposited on
quartz glass substrate at 380 °C.

5 and Fig. 4 shows that temperature dependence of fluorine
content is similar to that of carrier concentration. How-
ever, the fluorine concentration of the film is higher than
that of carrier concentration. For example, at reaction tem-
perature 400°C the former is 3.2X10?! ecm ™3 (F/In
= 0.1), while the latter is 4.1 10%° cm ~ 3. Extra fluorine
atoms are inferred to be incorporated into the film as neu-
tral dopants.

Figure 6 shows the optical transmittances for the 98-
nm-thick film deposited on a quartz glass substrate at
380 °C. The transmittance is more than 80% in the wave-
length range above 400 nm. Figure 7 shows the square
absorption coefficients a as a function of photon energy.
The extrapolations to the abscissa indicate that the optical
energy gap of In,O5:F for the direct transition is 3.72 eV.
Thus no deviation from the value for In,04 by fluorine
doping is observable.

IV. CONCLUSIONS

Transparent conductive fluorine-doped indium oxide
thin films were prepared by an atmospheric-pressure chem-
ical vapor deposition method. The raw material was
[C;H5COO0],In[l1(CF,),CO0]. The polycrystalline films
were obtained at a reaction temperature in the range of
350-450 °C. This chemical vapor deposition method incor-
porates fluorine atoms into a crystalline structure and con-
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FIG. 7. Square absorption coefficients o? for In,O4:F film as a function of
photon energy.

sequently leads to a high carrier concentration, yielding
fluorine-doped indium oxide films of low resistivity. For
the 320-nm-thick film deposited at 380 °C, the resistivity
was 4.4%x10™* Q cm, and the sheet resistance was 13.8
Q/0.
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