Surfaces and Interfaces 20 (2020) 100579

journal homepage: www.elsevier.com/locate/surfin

Contents lists available at ScienceDirect

Surfaces and Interfaces

SURFACES?
INTERFACES

Effects of lattice mismatches in In,O3/substrate structures on the structural,
morphological and electrical properties of In,O3 films

Check for
updates

A. Bouhdjer™™*, H. Saidi", A. Attaf®, A. Yahia", M.S. Aida‘, O. Benkhetta®, L. Bouhdjer’

@ Département socle commun sciences et technologie, faculté de technologie, université Batna 2, N3, Batna, Algeria

Y Physic Laboratory of Thin Films and Applications LPCMA, University of Biskra, Algeria
¢ Center of Nanotechnology King, Abdulaziz University, Jedahh, Saudi Arabia

d Laboratory of Crystallography, Department of Physics, Mentouri University of Constantine, Constantine 25000, Algeria

ARTICLE INFO ABSTRACT

Keywords:

Indium oxide

Lattice mismatch

Ultrasonic spray

Structural and electrical properties

Indium oxide thin films were deposited by ultrasonic spray technique on ITO coated glass and single crystalline
Si (400) substrates at 400 °C. Lattice mismatch effect on the crystalline structure, surface morphology and
electrical properties of these samples is then studied. X-ray diffraction (XRD) and Raman spectroscopy patterns
suggest that the films deposited on ITO coated glass substrate are polycrystalline in nature having a cubic crystal
structure with a preferred grain orientation along the (222) plane. However, films deposited on Si wafer sub-

strate, exhibit randomly oriented growth. The crystallite size varies from 18 to 66.5 nm. AFM topographical
images revealed that the In,03/ITO films follow 2D or layer-by-layer-growth. But in the case of In,O3/Si films,
3D or island growth becomes dominant. The In,O3/ITO films is found to exhibit a higher value of conductivity
(0 =5 x 10 Q7! em ™) than the In,03/Si films, and the low value of the RMS roughness (9.83 nm).

1. Introduction

Quite recently, considerable attention has been paid to the trans-
parent conducting oxides (TCO) thin films due to their interesting
physical properties, which combine electrical conduction and optical
transparency in the visible spectral range of UV-Vis. Among the TCO is
indium oxide (In,O3), which is a n-type semiconductor, It is a wide
band-gap semiconductor and has a band gap of 3.5-3.75 eV, dielectric
constant of 8.9 and a cubic (Ia3) structure of lattice constant
1.0117 nm, for this it is considered the most important transparent
conducting oxide for various scientific technologies such as solar cell,
gas sensors, and liquid crystal displays (LCD) [1]. The In,O3 thin films
have been prepared on a variety of substrates by different methods,
such as: vacuum evaporation [2], direct-current (dc) magnetron sput-
tering and radio-frequency (rf) magnetron sputtering [3,4], spray pyr-
olysis [5], molecular beam epitaxy [6] and sol-gel method [7]. In this
work, we will focus on the spray ultrasonic technique to deposit In,O3
thin films.

In order to obtain the fundamental knowledge about the growth
mechanism of In,O3 thin layers deposited by this technique, we have
already studied the effect of several parameters on the properties of
In,03 thin layers, such as: deposition time [8], annealing temperature
[9], Solution flow rate [10] and the nature of the substrate [11].
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Depending on the results of these studies, we found that the structural
and electrical properties of In,O3 thin layers strongly depend on the
nature of the substrate. The preferred growth orientation changed from
the (222) to (400) plan for the films deposited on the Kcl single crystal
substrate [11]. L. Alvarez—Fraga et al. [12] and Neeti Tripathi et al. [13]
also found that properties of indium oxide depend to the nature of the
substrate. Until now, to the best of our knowledge, few studies report
the influence of lattice mismatch on the properties of In,O3 thin films
deposited by spray ultrasonic technique. In this context, we recommend
to investigate the relationship between lattice mismatch and the
structural, morphological and electrical properties of In,O3 thin films.
In order to achieve this goal, indium oxide thin films are deposited on
ITO coated glass (labeled In,03/ITO films) and single crystalline Si
(400) (labeled In,05/Si films) substrate.

2. Experimental procedure

In the present work, Indium oxide thin layers were deposited on ITO
coated glass (conducting glass) and single crystal Si (400) substrates
with dimension of ~25 x 15 mm? at 450 °C, using the ultrasonic spray
technique (See the Fig. 1). The starting solution was prepared by dis-
solving indium chloride InCl; (powder, Merk, 99.9 Sigma-Aldrich) in an
appropriate amount of ethanol C,HsOH (96% VWR chemicals
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Fig. 1. Schematic diagram of the ultrasonic spray technique.

Table 1

Deposition parameters used to elaborate the In,O3 thin films by spray ultrasonics.

Deposition time (min) Solution flow rate (ml/h)

Temperature (°C)

Distance spray nozzle—substrate (cm) Solution concentration (mol/1)

4 40 400

5.5 0.1

(France)). Using the Syringe pump PHOENIX p-CP, the chemical solu-
tion arrives to the ultrasonic atomizer which fractionates it to micro
droplets that fall on the heated substrate. We changed the substrate,
and we fixed the others deposition parameters, such as: the solution
concentration, the distance nozzle-substrate, Solution flow rate and the
deposition time. The experimental conditions are summarized in the
Table 1.

These deposited films were characterized by an X-ray diffractometer
(X'PERT PRO) with Cu-Ka radiation (A 1.5418 Z\) and a
(Jobin-Yvon) p-Raman spectrometer at room temperature (RT) to de-
fine the structural properties, atomic force microscopy (AFM, Oxford
instruments Asylum Research) to examine the surface morphology, and
the electrical conductivity o was measured at room temperature in a
coplanar structure obtained with evaporation of four golden stripes on
the deposited film surface; the measurements were performed with
keithley Model 2400 Low Voltage Source Meter instrument.
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3. Results and discussion

The XRD spectra recorded in different films are shown in Fig. 2. in
the case of the In,O3/ITO films, The XRD pattern shows only two re-
flection peaks at 30.59° and 51.15° assigned to (222) and (440) planes.
However, The XRD pattern obtained for the In,03/Si films shows sev-
eral reflection peaks located at 21.61°, 30.34°, 35.65°, 51.16° and
60.73° corresponding to the (211), (222),(400),(440) and (622) crys-
tallographic planes of In,O3 cubic structure, respectively (All peaks
from XRD patterns coincide well with those given in the JCPDS data
card (6-416)). In addition to the presence of Si peak at 69.42° (JCPDS
27-1402file). N. Tripathi et al. [13] also found that the number of
diffraction peaks Increase for the In,O3 films deposited on the Si sub-
strate. However, Liu et al. [14] observed that the growth direction of
Indium oxide on GaAs <111 is limited by the orientation of the sub-
strate. On the other hand, in the case of In,03/Si films the intensity
ratio 1(400)/1(222) is about 0.33. For In,O3 powders the last ratio is
~0.3. This shows randomly oriented growth on Si substrate. However,
In,03/ITO films possess a strong crystallographic texture along the

300
| (b)
250 A
N
N
N
200 4 ~
=
<
SN—
b150—
Z | T g T
51004 N 3 N
+~ A ©
| < - =
E I ] S
50 -] T I
O_ T T T T ;“m“ . T i ‘ull T
20 30 40 50 60 70 80
20/ deg

Fig. 2. XRD patterns of In,O3/ ITO (a) and In,03/Si (b) thin films.
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Evaluated data of indium oxide films deposited on ITO and Si single crystal substrate.

Substrates lattice mismatch (Aa) Crystallite size (nm) Lattice constant (A) Strain () * 103 Dislocationdensity (8) x 10'* lines/m?
ITO coated glass 0.01 66.5 10.11 0.39 2.26
Si single crystal 0.88 18 10.18 2.84 30.8

(222) plane, which indicates that the crystalline state of these layers has
improved. This can be attributed to the lattice mismatch between In,03
films and the used substrates. The lattice constant of the conducting
glass substrate (ITO) matches with the lattice constant of the deposited
films. Therefore, the In,O3 film grows in perfect registry with the
conducting glass substrate. However, for the In,O3/Si films, the lattice
constant of the single crystalline Si substrate is smaller than the lattice
of the deposited films leading to create large densities of defects in the
interface film-substrate wish propagate into the In,Oj3 film and conse-
quently, the increasing of the structural disorder of In,03/Si films. The
calculated values of the lattice mismatch between the deposited films
and the used substrates confirm this explanation (see Table. 2). On the
other hand, the low crystalline state of the In,0O3/Si films may originate
from the difference of crystalline structural between the deposited film
and the Si substrate [15]. Also, it is interesting to note that the XRD
spectrum of the In,O3/Si films shows a shift towards lower angle for the
intense In,03 (2 2 2) peak (see the Fig. 2 (inset)). This indicates a lattice
expansion [9,16].

The average grain size (D), strain (€), lattice mismatch (Aa), lattice
constant (a) and the dislocation density (8) of the films from the pre-
ferred orientation (222) plane are estimated using following equations
[9,17]:

_ 0.94
B cosf )
€ = f cos (6)/4 @
a =d(H?+ K>+ )V ®
Aa = (amy0; — — Asubstrate)/ iy 05 Q)
§=1/D? ®

where D is the crystallite size, ¢ is the strain, a is the lattice constant, 0 is
the Bragg's angle, [ is the full width at half maximum (FWHM) of the
(222) peak, A is the X-ray wavelength, and (h, k, 1) are the Miller in-
dices; and (d) is the interplanar distance. The calculated values are
listed in the Table 2. It is found that the grain size increase for the
In,03/ITO films (66.5 nm). However, their value decrease considerably
in the case of the In,053/Si films (18 nm). This may originate from the
retarded crystal growth for the In,O3/Si films. Due to the high value of
the lattice mismatch (0.88) between In,O5 and Si, the densities of de-
fects in the interface film-substrate increase which leads to the stret-
ched lattice (a = 10.18 nm) that can increase the lattice energy and
diminish the driving force of growth. The dislocation density decrease
for the In,05/ITO films (2.26 x 10'* lines/m?). This is due to the
improvement of crystalline quality of these films.

In Fig. 3, we have reported the AFM images of In,03/ITO (Fig. 3.a)
and In,03/Si films (Fig. 3.b). It can be observed that the In,O3/ITO
films exhibit a smooth surface (Fig. 3a) however the In,O3/Si films
show a rough surface (Fig. 3b). This difference in surface aspect, could
be originate from the change in the growth mode of the films. In the
case of the films deposited on the ITO substrate, the lattice mismatch is
very small (lattice mismatche ~ 2%). the deposited films grows in the
two dimensional (2D) layer-by-layer mode (Frank-van der Merwe
Mode). however, In the case of the films deposited on the Si substrate,
the growth mechanism is controlled by the 3D island growth mode
(Volmer—Weber mode) due to the higher lattice mismatch [18,19]. the
surface roughness (RMS) of the In,O3/ITO films is 9.83 nm while the

RMS roughness obtained for the In,03/Si films is 36.34 nm. Increase of
the RMS roughness may be due to the transformation of layer-by layer
(2D) growth into island (3D) growth [20,21].

In Fig. 4 we have drawn the variation of the deposition rate for the
In,03/ITO and In,05/Si films. The deposition rate is estimated from the
ratio of film thickness on the deposition time fixed at 4 min. As can be
seen, The In,O3/ ITO films showed a higher value of deposition rate
(film thickness) than the In,O3/Si films. We speculate that decrease of
the deposition rate (film thickness) in the case of the In,O3/Si films may
originate from the high value of the lattice mismatch (0.88), the later
diminish the driving force of the growth and consequently, the de-
position rate (film thickness) decrease. In addition, this difference in the
deposition rate (film thickness) probably due to the high nucleation rate
at the beginning formation of In,O3/Si films; the nucleation rate is
faster than the deposition rate of the In,05/Si films. It is well know that
the preferred nucleation in the initial stage of films formation leads to
the increase in the deposition rate of the films. Increase of the number
diffraction peaks for the In,O3/Si films supports this explanation (see
the Fig. 4 (inset)).

Additional information on the structure of In,O3/ITO and In,05/Si
films was obtained by Raman spectroscopy. Fig. 5 shows the Raman
spectra of the deposited films. Group theory predicts the Raman modes
for bee-InyO3, such as 4Ag (Raman), 4Eg (Raman), 14Tg (Raman), 5Au
(inactive), and 16Tu (infrared) modes [22]. The In,03/ITO spectrum
(Fig. 5.a) shows several peaks located at 132, 306, 361 and 630 cm L
These peaks are assigned to vibrational modes of the deposited indium
oxide films, such as: the bending (8)-vibration of InO¢ for the peak
located at 306 cm ™' and In-O-In stretching vibrations modes for the
peak located at 361 cm ™! [23,24]. However, the In,03/Si spectrum
(Fig. 5.b) shows two vibrational modes at 136 and 310 cm ™~ L. The vi-
brational modes observed for both films correspond to bcc-InyOs,
agreeing well with the previous reported results [13,25]. Moreover, a
small line width of Raman spectrum for the In,03/ITO films indicates
that these films have a very good crystal quality than the In,03/Si films
[25], as already indicated by the XRD analysis. On the other hand, it is
clear that the position of the peaks for the In,O3/Si films is shifted. This
is due to the increase of the strain in the crystallite (¢ = 2.84 10 ~ %)
[26].

The most import feature in the Raman analysis is the decrease of the
number vibrational modes for the In,03/Si films. This is due to the high
structural disorder of these films; the structural disorder destroys the
long range coherence of phonons and consequently, the breaking of the
Raman selection rules [27]. Increase of the structural disorder for the
In,03/Si films explained in the XRD analysis.

The Iny,O3/ITO film showed higher value of conductivity
(0 =5 x 102 Q7 'em™1) than the In,O5/Si film. The decrease in
conductivity for Iny03/Si film (¢ = 10?> Q™ 'em™!) may be explained
on the basis of film crystallinity because the In,O3/ITO and In,03/Si
films show an appreciable difference in the crystallites size
(AG = 48.5 nm). The small grain size for the In,O3/Si films
(G = 18 nm) leads to an increase of scattering and trapping centers in
the grain boundary and thus a decrease in conductivity [8,28,29]. The
same opinion is held by R.K. Gupta et al. [30] who found that the
electrical resistivity of IMO thin films decreases due to improvement in
the film crystallinity at higher temperatures. In addition, Z. Yuan et al.
[31] found that the grain boundary scattering is possibly the dominant
scattering mechanism limiting the mobilities of In,O3 thin films. On the
other hand, the low conductivity of the In,03/Si film can be attributed
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Fig. 3. The AFM images of (a) In,O3/ITO and (b) In,O3/Si films.
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from the scattering of conductive electrons by film surface and interface
between In,03 and Si [32,33]. It is well know that the high dense and
packed grains decrease the number of scattering centers and trapping
centers in the grain boundaries and consequently, the increasing of the
carrier mobility and electron concentration [34], and the surface
morphology of the In,03/ITO films supports this explanation. On the
other hand, increase of the conductivity for the In,O3/ITO films is
probably due to the decrease in the dislocation density in this film [35].

4. Conclusion

In the present paper, we have investigated In,O3 thin films prepared
on ITO coated glass and Si single crystal substrates by ultrasonic spray
method. We found that the structural and electrical properties of In,O3
thin films were strongly affected by substrate. The In,03/ITO films are
polycrystalline with a preferred grain orientation along the (222) plane.
However, films deposited on Si single crystal substrate, exhibit ran-
domly oriented growth. The result of Raman analysis provided the in-
formation regarding the improved crystallinity and structure of In,O3 in
ITO coated glass substrate. AFM images reveal that the film on each
substrate realizes a different topography. For the ITO substrate, the
deposited films grows in the two dimensional (2D) layer-by-layer mode
(Frank-van der Merwe Mode), while on Si substrate, the growth me-
chanism is controlled by the 3D island growth mode. The film deposited
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Fig. 5. The Raman spectra of In,O3/ITO (a) and In,03/Si (b) films.
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on ITO coated glass substrate is found to exhibit a higher value of
conductivity (0 = 5 X 10> Q 'ecm™!) than the In,05/Si films.
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