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Correlation between the structural, morphological, optical, and electrical properties
of In, O3 thin films obtained by an ultrasonic spray CVD process
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Abstract: Indium oxide (InyO3) thin films are successfully deposited on glass substrate at different deposition
times by an ultrasonic spray technique using Indium chloride as the precursor solution; the physical properties of
these films are characterized by XRD, SEM, and UV-visible. XRD analysis showed that the films are polycrys-
talline in nature having a cubic crystal structure and symmetry space group Ia3 with a preferred grain orientation
along the (222) plane when the deposition time changes from 4 to 10 min, but when the deposition time equals
13 min we found that the majority of grains preferred the (400) plane. The surface morphology of the In, O3 thin
films revealed that the shape of grains changes with the change of the preferential growth orientation. The trans-
mittance improvement of In, O3 films was closely related to the good crystalline quality of the films. The optical
gap energy is found to increase from 3.46 to 3.79 eV with the increasing of deposition time from 4 to 13 min. The
film thickness was varied between 395 and 725 nm. The film grown at 13 min is found to exhibit low resistivity

(1072 Q-cm), and relatively high transmittance (~ 93%).
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1. Introduction

Transparent conductive oxide (TCO) thin films are tech-
nologically important due to their high optical transparency in
the visible region, wide band gap and good electrical conduc-
tivity. Furthermore, among them, indium oxide (InyO3) thin
film has received much attention. It is a wide band-gap semi-
conductor and has a band gap of 3.5-3.75 eV, a cubic (Ia3)
structure of lattice constant 1.0117 nm, dielectric constant of
8.9, and refractive index 2.0-2.10. It is frequently used for
photovoltaic devices, transparent windows, liquid crystal dis-
plays (LCD), light emitting diodes (LED), solar cell, gas sen-
sors and anti-reflecting coatings!?. Many techniques have been
successfully applied to deposited indium oxide thin films such
as spray pyrolysis®l, vacuum evaporation!*, magnetron sput-
tering®], DC-sputtering[®, sol gel”], and pulsed laser abla-
tion[®. Among these, in this paper we will focus on the spray
ultrasonic technique, which is a method suitable for large-scale
production. It has several advantages in producing nanocrys-
talline thin films, such as, having a relatively homogeneous
composition, it is inexpensive and permits easy deposition in
the atmospheric condition. Due to the simple deposition on
glass substrate because of the low substrate temperatures in-
volved, it is possible to alter the mechanical, electrical, optical
and magnetic properties of In,O3 nanostructures. The physi-
cal properties of undoped and doped In, O3 films obtained by
the spray ultrasonic technique have been widely reported!(®> 101,
due to the greater interest of In, O3 thin films.

In this paper, In,Oj3 thin films were grown on glass sub-
strate using the ultrasonic spray technique. The film’s proper-
ties are dependent from the film deposition parameters such as
the deposition time. We have studied the effect of the deposi-
tion time on the crystalline structure, morphologic, optical, and
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electrical properties of In, O3 thin films; and we evaluated the
relationship between these properties in general.

2. Experimental procedure

Indium oxide was deposited by spraying an alcoholic so-
lution containing a 0.1 M of indium chloride InCl3 (Merk,
99.9), on glass substrates heated at 400 °C. The glass substrates
were kept in a detergent solution and cleaned with distilled wa-
ter. Afterwards, the glass substrates were kept in a solution
of methanol and cleaned for approximately 15 min. Finally,
the glass plates were taken out of the ultrasonic bath and once
again cleaned with distilled water. In all depositions the dis-
tance spray nozzle—substrate equals 4.5 cm. All the parameters
were kept constant and only the film thickness was changed
through the change of the deposition time. The structure and
morphology of the films were analyzed by X-ray spectroscopy
on a D8 ADVANCE Diffractometer using a Cu Ko radiation (A
= 1.5405 A), JOEL model JSM 6301F scanning electron mi-
croscope, respectively, the optical transmittance spectra were
obtained using a UV—-VIS spectrophotometer. These measure-
ments were performed using glass as the reference in a wave-
length range of 200-800 nm. The electrical resistivity was de-
termined using the four-point method.

3. Results and discussion

The XRD patterns for In,O3 thin films grown at various
deposition times are shown in Figure 1. For the deposition time
(¢) equals 4 min the XRD spectrum of this sample exhibits
a preferential orientation peak located at 26 = 30.69°. How-
ever, we noticed the presence of a broad peak between 20° and
25°, indicating clearly the presence of an amorphous phase in
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Figure 1. Evolution of the spectra of X-rays diffraction of InpO3 thin films for all deposition times.

the film network. This suggests that the structure of this film
is heterogeneous, it is formed with small grains embedded in
an amorphous phase in the film network. With increasing the
deposition time by more than 4 min, we notice that the broad
peak disappeared completely in addition to the presence of two
main peaks and weak peaks: the two main peaks occur at 260 =
30.69° and 35.58°. These peaks correspond to the diffraction
from the (222) and (400) planes of In,O3, respectively. The
weak peaks centered at 21.77°, 37.80°, 45.69°, 51.23°, 60.69°
and 75.01° are identified as In,O3 (211), (411), (431), (440)
(622) and (800) planes, respectively. All peaks from XRD pat-
terns coincide well with those given in the JCPDS data card
(6-416)1'1). The In, O3 thin films are polycrystalline and crys-
tallize in a cubic structure. The preferred growth orientation of
In, O3 thin films depends on the deposition time. The intensity
ratio of the (400) to (222) reflection is used to evaluate the de-
position time effect on the film texture of the films, as shown
in Figure 2. Depending on the results of the current study we
found that the ratio 1(400)/1(222) increases with the increasing
of deposition time from 4 to 7 min. Then it decreases slightly
as the deposition time was 10 min. Finally it increases consid-
erably for 13 min and the (400) orientation becomes predomi-
nant. Korotcenkov et al. presented that the ratio 1(400)/1(222)
increased with the increase of spray pyrolysis temperature in
sprayed In,O3[!2] or the increase of film thickness!!3l. They
have also found that the peak intensity ratio of 1(400)/1(222)
increases with increasing film thickness(!*l. The 1(400)/1(222)

ratio suggests that films deposited at 4, 7 and 10 min possess
a strong crystallographic texture along the [111] direction and
when the deposition time increased to 13 min, the texture is
changed to the [100] direction. The preferential orientation de-
velopment of crystalline grains mainly depends on the initial
orientations during the nucleation process. For the deposition
time equals 4 min, the (222) nucleation is a primary nucleation
due to the surface free energy of the formation of the main
planes of the In,O3 bixbyite phase, the (111) texture is ex-
pected since the high atomic density (111) plane of the bixbyite
presents a lower surface free energy plane, as it has been pre-
viously discussed!!!, and this accounts for the presence of one
diffraction peak for # =4 min. However, with increasing of de-
position time more than 4 min, the growth of nuclei takes place
due to the surface diffusion of the impinging solution sprayed.
Then the (400) nucleation can be formed competitively with the
(222) nucleation. In the same regard, Lee et al. found that the
nuclei number increases with the increase of deposition time,
and it will grow as welll'®l, Finally the (400) nucleation is pre-
ferred for 13 min, and a strict improvement in preferred growth
is observed. This can be explained as follows: with the increas-
ing of deposition time the thickness of the film increases (d =
725 nm for ¢ = 13 min), which will prevent the incorporation
of oxygen in the structure!!”), leading to the preferred growth
of (400)-grains. Several studies revealed that if the film con-
tains sufficient oxygen, the crystal growth is preferentially with
(222)-oriented grains, otherwise, the crystal growth is much
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Figure 2. Deposition time effect on the film texture.

faster, with (400) orientation!'8=2%1_ On the other hand, it was
mentioned that the growth of the (222)-grains is suppressed
with increasing thickness?!J. This goes in harmony with the
XRD analysis, which indicates that with the deposition time
increasing, the intensity of the plane (222) decreases (see Fig-
ure 2). In addition, the promotion of (400) plane texturing has
also been associated with improvement in crystallinity in these
cases. A similar effect has been observed by Saxena et al.[2?]
in their study of thickness dependence on the structural prop-
erties of films prepared by spray pyrolysis. On the other hand,
the change in the strongest orientation of the XRD peak is cor-
related with the change in grain shapes as observed by SEM
analysis (explained later). This probably indicates that the de-
position time influences the evolution of microstructures and
thereby reflects on the strongest orientation observed by XRD
studies.

The average grain size D of Inp,O3 is estimated using
Scherrer’s formulal?3!:

_0n
~ Beosf’

(M

where 0 is the Bragg angle and 8 is the full width at half max-
imum (FWHM) of the peak, while A is the X-ray wavelength.
The obtained results are reported in Table 1. The results show
that the average grain size increases from 20 to 67 nm with in-
creasing of the deposition time. The increase of the crystallite
size with the increase of deposition time can be explained as
follows. As the deposition time increases, the amount of solute
reaching the surface of the substrate increases to form film and
therefore, the electrostatic interaction between solute atoms be-
comes larger, thereby increasing the probability of more solute
to be gathered together to form a crystallite>*]. However, it is
interesting to note that the average grain size increases slightly
when the deposition time changes from 7 to 13 min. Such be-
havior of In, O3 grains was observed in several studies[?5- 13,
Figure 3 shows the SEM surface and EDS analysis of the
In, O3 thin films deposited at different deposition times. As
the deposition time increases, changes in the morphology of
the films are observed. It is interesting to note that, in the case
of the films deposited at 4 min (Figure 3(a)) and 7 min (Fig-
ure 3(b)), grains with a pyramidal-shape are formed. While
for the film deposited at 10 min (Figure 3(c)), in addition to
the pyramid-shaped grains, we notice the emergence of other

Table 1. Grain size of InpO3 thin films as a function of deposition
time (4—13 min).

Deposition Angle (deg) hkl Crystallite size
time (min) (nm)
4 30.69 222 20
7 30.68 222 50
35.58 400 48
10 30.70 222 58
35.56 400 59
13 30.70 222 65
35.57 400 67

grains that are granular in shape. The sample deposited at
13 min (Figure 3(d)) shows that the grains are granular in shape
but seen to be densely packed. The difference in grain shapes
probably suggests the difference in growth orientations and
corroborates the XRD studies. The fact that the mean crystal-
lite size obtained using Scherer’s formula is in all cases sub-
stantially smaller than the dimension of the grain observed by
the SEM images, indicating that these grains are probably ag-
gregates of many crystallites of In,O3. The Gibbs free energy
of the surface of nano crystals is usually high, and the grains
have the tendency toward aggregate formation, thereby reduc-
ing the Gibbs free energy[2%]. The forgoing discussion leads to
the conclusion that the grains shape can be changed by varying
the deposition time. These results are consistent with the fact
the grain shape depends on the growth conditions®”). Also the
SEM surface images show that the film deposited at 13 min
has less roughness than the other films. The less rough surface
is probably due to the most preferential growth in the [100]
direction over the entire surface. It was recently reported that
the preferential growth induces flat surfaces of ITO films by
Kim ez al.?8]. Energy dispersive analyses of X-rays (EDAX)
generated by the incident electron beam were carried out to in-
vestigate the composition of indium oxide films formed. All of
the In, O3 films are composited from O and In atoms in addi-
tion to Si, which come from the substrate.

Figure 4 confirms that microstructure is greatly influenced
by the deposition time. From Figure 4(a) it is observed that
some grains grew in the through-thickness direction, but oth-
ers did not. It can also be seen in Figure 4(b) that there is a
very clear columnar structure. Furthermore, it is clear that the
thicker film consists of two layers. Qiao ef al. reported the sim-
ilar resultst'4. The good cohesion between the In, O3 thin film
and the glass substrate is obviously observed.

The optical transmittance measured as a function of the
wavelength is depicted in Figure 5. The deposition time ex-
hibits a significant impact on the optical transmittance of films,
a maximum visible transmittance (VT) of ~ 93% is observed
at ~ 709 nm for the films prepared at 13 min (thickness of
this film = 725 nm), whereas the smallest optical transmit-
tance (VT) of ~ 79% is observed at ~ 628 nm for the film
prepared at 4 min (thickness of this film = 395 nm) despite
the fact that this film is thinner than the other films. A simi-
lar observation has been found by another researcher®?l. The
higher transmittance observed in the films is attributed to a de-
cline of scattering effects, structural homogeneity and better
crystallinity, whereas low transmittance observed in the layer
might be due to the less crystallinity leading to more light scat-
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Figure 3. SEM surface and EDS analysis of the In, O3 thin films deposited at various deposition time of (a) 4 min, (b) 7 min, (¢) 10 min, and

(d) 13 min.

Figure 4. Cross-sectional images of the Inp O3 thin films deposited at various deposition time of (a) 4 min and (b) 13 min.

tering®. On the other hand, the high transmittance of the film
deposited at 13 min is due to the less roughness of this film.
It is well known that a rough surface causes light scattering,
resulting in transmittance reduction. In conclusion, the maxi-
mum visible transmittance value of films is the result of the
combination of several effects: structural homogeneity, better
crystallinity and the smooth surface.

The optical band gap of In, O3 films is estimated from Tauc
relationshipl3!:

(ahv)* = A(hv — Ey), )

where « is the absorption coefficient, A is the constant inde-
pendent of photon energy (hv), & is the Planck constant, and
E, is the optical band gap. The values of the optical band gap
are obtained by extrapolating the tangential line of the data to
the abscissa axis in the plot of (a«/v)? as a function of /v as
shown in Figure 6. Film deposited at 4 min has low band gap
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Figure 5. (Color online) Optical transmittance spectra of In, O3 thin
films as a function of deposition time.
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Figure 6. (Color online) Optical band gap energy for the In, O3 thin
films deposited at various deposition time.

3.46 eV, this is due to the presence of an amorphous phase in
this film network as deduced from the XRD. Amorphous phase
is generally accompanied by a disorder in the film network.
For highly disordered film, the band tail width (Urbach tail) is
large; consequently the optical band gap is narrowed. This situ-
ation is reported in amorphous silicon thin films a-Si:H[*2! and
silicon nitride thin films a-Si:N[33]. They have also found the
optical band gap shift towards the lower energies induced by
a disorder in the film network!®#33]. The optical gap of films
which deposited at 7, 10, and 13 min is close to its value for
In, O3 bulk material. This is due to the good crystallinity of
these films.

Similar values of optical band gap have been found by
other researchers[36-37],

Figure 7 shows the dependence of electrical resistivity (p)
and figure of merit on deposition time. Resistivity decreases
continuously with an increase in the deposition time. They have
also observed a decrease in the resistivity of In,O3 thin films
with increasing of deposition timel'®l. The electrical resistiv-
ity is improved, due to the grain coalescence structure and the
lowest resistivity of 1072 Q-cm is obtained. This is mainly at-
tributed to the decreasing of the number of scattering centers
and trapping centers in the grain boundaries in which the high
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Figure 7. Electrical resistivity, and figure of merit of InpO3 thin film
deposited at various deposition times.

dense and packed grains cause an increase of carrier mobil-
ity and electron concentration!®8-3%], This is supported by the
SEM surface images and XRD analysis which indicate that the
increase of deposition time gives more tightly packed grains
and large grains size, respectively. A similar variation of the
resistivity with the improvement in the crystallinity is reported
in Ti-doped indium oxide films[*°].

The figure of merit is known to be an index for evaluating
the performance of transparent conducting films, and it is given
by the equation F = (—p InT)~ !, where p is the electrical re-
sistivity and 7T is the average transmittance in the wavelength
range of 400-800 nm!*!], The figure of merit for the In, O3 thin
film deposited at 4 min was estimated as 33.61 Q7! cm™1. As
the deposition time increases to 13 min, the figure of merit in-
creases to 453 Q! em™! (see Figure 7). The increase in the
figure of merit results from the decrease in the electrical resis-
tivity with increasing deposition time. The experimental data
suggest that a deposition time of 13 min is the best condition
for depositing high-quality In, O3 films.

4. Conclusion

The effect of the deposition time on the crystalline state,
surface morphology, optical, and electrical properties of In, O3
films was investigated. X-ray diffraction reveals a polycrys-
talline nature for all films with a preferred grain orientation
along the (222) plane when the deposition time changes from 4
to 10 min, but when the deposition time equals 13 min we found
that the majority of grains preferred the (400) plane. SEM im-
ages show that the films are rough surface and the shape of
grains changes with the change of the preferential growth ori-
entation.

The optical characterization showed that our films are
transparent. The transmittance improvement of In,O3 films
was closely related to the good crystalline quality of the films.
We have found also that the optical gap is varied between
3.46 eV and 3.79 eV, and the values of resistivity are found be-
tween 13 x 1072 Q-cm and 1072 Q-cm. Finally, we conclude
that the deposition time is an interesting factor for controlling
the quality of the thin films deposited by the ultrasonic spray
technique.
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