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Abstract

This study experimentally investigates the fractal nature of the 3-D surface morphology of sputtered
indium tin oxide (ITO) fabricated with five sets of ambient combinations. The samples were
prepared on glass substrates by DC magnetron sputtering using argon, argon with oxygen, argon
with oxygen and nitrogen, argon with oxygen and hydrogen and argon with oxygen, nitrogen and
hydrogen ambient compositions at room temperature and the films were annealed at 450 °C in air.
The characterization of the films surfaces was carried out by X-ray diffraction (XRD), and atomic
force microscopy (AFM). The XRD results indicate that the cubic ITO films form with highly
preferable (222) and (400) orientations. The AFM images were analyzed using the Areal
Autocorrelation Function (AACF) and pseudo-topothesy K. This analysis revealed that these
samples are well described as fractal structures at nanometer scale.

Key words: ITO films, ambient combinations, DC magnetron sputtering, AFM, fractal analysis,
surface topography

1. INTRODUCTION

The superior functional properties of transparent conducting oxides (TCOs) thin films have been
extensively studied by various research groups and the films were used as electrodes in
optoelectronic devices [1]. Zinc oxide (ZnO), tin oxide (SnO,) and tin doped indium oxide (ITO)
are the most commonly used TCOs [2]. Among these TCOs, ITO is a well-established degenerate n-
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type semiconductor with low resistivity and high optical transmission in the visible region of the
electromagnetic spectrum [3]. In general, ITO films can be grown by different methods such as sol-
gel [4], chemical solution deposition [5], e-beam evaporation [6], thermal vapour evaporation [7]
and DC or RF magnetron sputtering [8]. DC magnetron sputtering is one of the well-known
methods for the preparation of ITO films for industrial applications. To obtain the optimal growth
conditions in the DC magnetron sputtering various parameters is involved such as substrate
temperature, power, and ambient gases [9]. Ambient gases are a significant parameter which alters
the growth nature of the ITO films. Usually the ITO films have been deposited using argon, argon
with oxygen, hydrogen and nitrogen ambience and the growth nature of the films can be examined
by X-ray diffraction (XRD) and atomic force microscopy (AFM) methods [10-12]. Variations in the
structural and morphological properties of different ambient deposited ITO films were also studied
by various groups. Wan et al. prepared ITO films using argon with oxygen or hydrogen ambient
nature and they attained the (222) and (400) plane for argon with oxygen and hydrogen ambient
[13]. Likewise the argon with nitrogen ambient deposited films was oriented along the (222)
reflection [14]. The orientation of films strongly depends on the ambient compositions in the sputter
chambers. Similarly the morphology and surface properties of the different ambient composition
developed ITO films can be studied [15]. Recently the microstructure and morphology of the ITO
films deposited by RF magnetron sputtering method and the role of argon with oxygen and
hydrogen atmosphere was discussed by Nie et al [16]. Jagar et al. studied the morphological
properties of the hydrogenated indium oxide films deposited using water vapour or hydrogen by
sputtering method [17]. Morphology of the ITO films deposited on glass, mono and multicrystalline
silicon substrates have also been investigated and the crystallite size in a three dimensional form
and the granular crystallites on glass has been observed for ITO [18]. Based on the literature
predictions, microstructure and morphology of the ITO films are the fundamental parameters to
decide the device performances.

Thus, the growth nature and physical properties of the materials are key factors to decide the
material properties for suitable applications. Korobov, et al. have examined the ITO films grown on
glass substrate and the surface coverage, growth model modifications, island coalescence and
thickness of the films were briefly discussed [19]. The early growth stages of the ITO films
deposited on glass substrates by DC magnetron sputtering method has also been analyzed by
Shigesato et al [20]. The 3-D growth, 3-D to 2-D growth transformation of the films was also
characterized and analyzed by various research groups [20, 21]. Hence the micro morphological
characteristic of the films was examined by AFM technique and it is one of the most significant
methods to analyze the surface and fractal structures of the TCO films. The surface roughness of the
TCO films was studied using AFM technique and it is difficult to quantitatively describe the
morphology of rough surfaces and interfaces of TCO thin films. Mandelbrot et al. proposed an idea
using fractal geometry and scaling concepts to examine the rough surface of the TCO films [22].
The fractal dimensionality is one of the traditional techniques to study the complex surface
geometries and studied the physical characteristics of the films [22]. The fractal characteristics of
different temperatures annealed ITO films were studied by Raoufi, et al. [23] and they have
explained the fractal dimension of ITO films with respect to surface morphology. Habitually the
nucleation growth and size of the grains altered the surface features of the ITO films.

To build upon this early work, in this study the growth nature of the five sets of ambient
combinations deposited ITO films was examined using XRD and AFM methods and the observed
morphology and grain sizes of the films were discussed with respect to the ambient compositions.
The growth and fractal dimension size dependent surface properties of the ITO films using five set
of ambient compositions is studied and the micro morphological properties of the films was
examined using AACF and pseudo-topothesy K analysis. Here, the ITO films deposited using argon
(Ar), argon with oxygen (Ar+0,), argon with oxygen and nitrogen (Ar+0,+N,), argon with oxygen
and hydrogen (Ar+0,+H>) and argon with oxygen, nitrogen and hydrogen (Ar+0O,+N,+H,) ambient
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combinations were used to sputter ITO targets and deposited on glass substrates and then the films
were annealed at 450 °C for an hour. Both the annealed ITO films microstructure and growth nature
with respect to ambient were characterized by XRD and AFM. The obtained AFM images were
analyzed using the Areal Autocorrelation Function (AACF) and pseudo-topothesy K and the results
are presented with necessary discussions based on the ambient nature.

2. EXPERIMENTAL
2.1. Materials

In;03/Sn0O; (90%/10%) target, corning glass (VWR) substrate, argon (Ar), oxygen (O2), nitrogen
(N2), and hydrogen (H,), Methanol and DI-Water.

2.2. Methods
2.2.1 ITO Deposition and Annealing

ITO was deposited using five set of ambient combinations on corning glass (VWR) substrates by
DC magnetron sputtering method at room temperature. Before the deposition process, the corning
glass substrates were pre-cleaned with methanol and DI water and dried with nitrogen atmosphere.
In this present study, five set of ambient were used to deposit the ITO films such as (M1) Ar (180
sccm) (M2). Ar (180 sccm) +0O; (10 sccm) (M3). Ar (180 sccm) +0O2 (10 sccm) +N (10 sccm)
(M4). Ar (180 sccm )+0,(10 sccm)+H>(10 sccm) and (M5). Ar(180 sccm)+ O, (10 sccm) +N, (10
sccm) + H, (10 sccm). Other experimental procedure and conditions was provided in previous
works reported in the reference [24]. The as deposited ITO films were annealed at 450 °C for an
hour in air.

2.2.2 XRD Characterization

The structural characterization of the set of ITO films were examined using X ray diffraction (XRD
- XRD-Scintag-2000 PTS, Scintag Inc., Cupertino, CA, USA) pattern.

2.2.3 AFM Characterization

The surface properties of the films were revealed by Veeco Dimension 3000 atomic force
microscope (Veeco, Oyster City, NY, USA) operated in tapping mode with Budget Sensors
Tap300Al-G cantilevers. The AFM generated sample height, roughness, and surface profile data of
five samples and a reference material. Before testing, the AFM was prepared by removing the
dustcover, loading a prechecked (optically) cantilever tip and initializing the Nanoscope software.
After initialization, the AFM is calibrated, this is done by locating the cantilever tip and adjusting
focusing knobs to bring the tip into the cross hairs of the optical lens. Then, the laser is aligned on
the photodiode by again rotating focusing knobs to obtain a vertical displacement measuring +0.1V,
and a sum value of 2.7 (indicating ideal laser contact) in the software. The cantilever is then
autotuned, which generates a frequency graph indicating the quality of the cantilever and projected
reliability of data to be gathered. Next the sample is placed slightly overhanging on a glass slide and
slid into place on the bed of the AFM under the cantilever, which is then lowered (about 1cm) into
position and focused (via optical lens) with a track ball. The area of the sample to be measured is
the overhanging section. The sample is slightly overhanging to improve visibility of thin layer
materials and eliminate interference of any material underneath the sample. A rotating platform was



then used to easily replace samples reducing the risk of contamination. The scan parameters
summarized in Table 1 were followed on the reference material and every experimental sample.

Table 1: AFM scan parameters adjusted for quality data gathering

Metric Value
Scan size 2 microns
Scan Rate 0.5549 Hz
Resolution 512 lines
Amplitude set point 1.1V
Integral gain 0.10
Proportional gain 0.15

After scan parameters were set, the tip was engaged, signifying contact through tapping of the
cantilever with the sample. The stepper motor voltage was then adjusted between extension and
retraction (the severity of contact between the cantilever and sample surface) to measure as close as
possible to 0 V to allow precise image quality. This process was repeated for each sample and the
data file saved. Finally data files measuring height, roughness, and surface profile maps were
generated. Autocorrelation Function (AACF) and pseudo-topothesy K analysis was performed using
the obtained AFM data.

2.3. Surface Texture Analysis from AFM

AFM images are series of equally spaced height samples z(x,y) of the surface under study. Its
spatial characteristics are determined using Autocorrelation Function (AACF) [25]:

(|2-(z) (1) - ()
2
Sq
where: <...> denotes the mean value, S, — the root-mean-square (RMS) surface roughness, whereas
T — vector of a discrete spatial shift. AACF starts from the unity in the origin, but then
monotonically decays with increasing lag (Fig. 1A). Decay length defines the distance at which

AACEF falls down to 0.2. The ratio of two extreme lengths, i.e. the slowest (1.1) and the fastest (1.2),
defines the anisotropy ratio S that characterizes angular uniformity of the surface texture [26]:

T
0<S, =24 @&

Ta2 R=1€0.2
Surfaces with S, above 0.5 are isotropic, i.e. their spatial properties do not vary with the orientation,
while those with S, below 0.3 are strongly anisotropic. Having the plot of the AACF average grain
dimeter can be estimated as well. To this end, the half-widths at the half maxima of the AACF
curves along extreme directions are assumed to be the grain radii R.; and Ra,, respectively, the sum
of which gives the average grain diameter (see Fig. 1A):

d,.. = Ry + R, (3)
Apart from that, however, also various fractal characteristics can be investigated. To this end, the
Structure Function (SF) needs to be computed making use of angle-averaged AACF profile [27]:
S(t) =253(1-R (1) @)

According to [27], SF profiles follow allometric scaling law as a function of the spatial shift T (see
Fig. 1B):

R(1) = (1)

grain

S(1) =Kr**™
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where: D — is the fractal dimension, and K — pseudo-topothesy. Beyond the threshold 1. referred to
as the corner frequency, the allometric scaling breaks down and the SF asymptotically approaches
2S,? value. Our previous studies demonstrated that the corner frequency is found similar to average
decay length, and hence to average grain diameter [28,29]. As a quick characterization tool, fractal
analysis proved to be useful in studies of morphology and mechanical properties of various surface
structures upon heat treatment [30-32], nanomechanical processing [33, 34], in contact with body
tissues and fluids [35-38]. Obtained results established a bridge between specific geometry of
residual surface and its tribological and physical characteristics [39-41].
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Figure 1. Example plots of functions used for determination of surface texture characteristics: (A)
autocorrelation function along extreme directions with the shortest decay length t., and grain radius
R.» marked with arrows, (B) profile structure function with the corner frequency t. that establishes a
threshold beyond which the allometric scaling law vanishes.

3. Results and Discussion

3.1 XRD Analysis

Fig 2. shows the XRD patterns of ITO thin films deposited on glass substrates and annealed at
450°C for an hour. From the observed diffraction results, the major Braggs reflections such as
(211), (222), (400) and (622) plane is ascribed for body centered cubic indium oxide structure (06-
0416) and the assigned peaks are supported to other reported ITO XRD results [24]. All the films
are polycrystalline nature and preferentially oriented along the (222) and (400) reflections. The
detailed analyses of the XRD results were presented elsewhere [1]. From the structural analysis the
ambient combinations has altered the preferential orientation of the films and it reflected in the
grain sizes of the ITO films as shown in AFM images (Fig. 3).
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Figure 2. XRD results of the ITO films sputtered under five set of ambient combinations (A)
reference sample, (B) M1 sample, (C) M2 sample, (D) M3 sample, (E) M4 sample, (F) M5 sample.

3.2. Fractal analysis

AFM images of the samples under investigation are shown in Fig. 3. The images were scanned at
256 equidistant locations with the scan length of 2 pm. The images exhibit granular structure of the
samples, although with different grain size and other spatial features depending on the gas mixture
composition. Table 2 summarizes main spatial characteristics of these surfaces determined using
both statistical and fractal approaches. When compared, results presented therein allow us to spot
interesting similarities, each of which allow us to draw conclusions about the roles the gaseous
species play in the deposition process. Note that the following pairs of similar structures can be
established: reference and M4, M2 with M3, and M1 with M5.



13.9nm 31.4nm 45.6 nm
-11.8 nm -29.9 nm -46.1 nm
39.2 nm 15.4 nm 18.2 nm
-33.9 nm -13.3 nm -17.4 nm

Height 400.0 nm

Height

Height 400.0 nm

Figure 3. AFM images of the films under study taken with 2 pm scan lengths: (A) reference
sample, (B) M1 sample, (C) M2 sample, (D) M3 sample, (E) M4 sample, (F) M5 sample.

In general, results presented in Table 2 confirm that the chemical composition of the process
atmosphere substantially influences solid structures formed in their presence. The most prominent
difference arises when the grain size dg.in is taken into consideration. Note, however, that the grain
size corresponds closely to the corner frequency t.. As a rule, the grain diameter is found to be
around 50-80 per cent larger compared to the corner frequency, which means that the allometric
scaling behaviour extends over the surface of the grains solely, and do not go beyond that limit.
Particles grown from the mixture containing pure argon (sample M1) approach 220 nm, that is
twice as large as those seen in the reference sample (commercial ITO). Closer inspection reveals
that these grains are actually made up of smaller subgrains 70-80 nm in diameter, similar to those in
the reference sample. Unlike the commercial ITO, however, grains in the sample M1 form larger
aggregates spread homogeneously over the surface. Argon is well known as a medium that
promotes formation of nanocrystalline diamonds from argon-rich gas mixtures in microwave
plasma CVD processes due to increasing concentration of free electrons in the deposition zone [42].
Addition of molecular oxygen to the gas mixture (sample M2) diminishes the grain size even more,
down to 170 nm. Similar result can be obtained when the same mixture is additionally enriched
with molecular nitrogen (sample M3). Obtained structure appears identical to that in sample M2,
which means that nitrogen actually exerts no influence on the deposited material, and hence
nitrogen behaves as an inert compound of this ternary mixture. Similar mixture in which molecular
nitrogen is replaced with hydrogen (sample M4) produces structure nearly identical to that in the
reference sample concerning not only the grain size (120 vs.110 nm), but also the remaining
descriptors of their surface topography. Such a result demonstrates cooperative effect of oxygen and
hydrogen in the process atmosphere, which results in the smallest, nanocrystalline grains. High
anisotropy ratio (Sy equal to 0.71) is directly related to the fine-grain structure of this film, in which
small particles grew into regular shapes and uniformly cover the surface of the sample, but do not
form larger clusters. In contrast, the quaternary gas mixture containing all the additives mentioned
previously yields a coarse-grain structure composed of large particles (200 nm in size) and
moderate anisotropy (anisotropy ratio equal to 0.58). Suppressed high-density nucleation reveals the
antagonistic effect of the gaseous species possibly due to their mutual interactions in the gas phase.
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Table 2. Surface texture characteristics of the samples under study: Sq — RMS surface roughness,
S« — surface anisotropy ratio, D — fractal dimension, K — pseudo-topothesy, t. — corner frequency,
dgrin — average grain diameter.

. . Sq Tc dgrain

Sample | Description [nm] S D K (nm] | [nm]
Ref Comggmal 351 | 0.72 | 242 | 0173 | 70 | 110
M1 Ar 8.64 | 0652340239 | 130 | 220
M2 Ar+0, 133 | 062 | 231 ] 0572 | 110 | 170
M3 Ar+O+N, | 10.6 | 0.70 | 2.30 | 0.354 | 100 | 170
M4 Ar+O+H, | 3.88 | 0.71]239] 0.142 | 80 | 120
M5 | Ar+O,+N,+H, | 5.01 | 0.58 | 2.35 | 0.118 | 110 | 200

This improved insight into the impact of the ambient on ITO growth provide a path to better
material properties for applications including light emissions such as flat-panel displays and organic
or polymer-based electronics [43,44], thin film photovoltaics [45-48], and smart windows to
conserve energy [49-50].

4. CONCLUSIONS

Furthermore, 3-D surface micromorphology parameters and fractal analysis provide a convenient
tool for assessing optimal surface characteristics of five different set of ambient combinations
sputtered ITO films on glass substrates. The 3-D surface morphology revealed the fractal geometry
of samples at nanometer scale can be quantitatively estimated by the fractal dimension D, applied
for AFM data. All these morphological parameters can be included in an algorithmically model to
characterize the local topography of the 3-D sample surfaces.
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