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Investigation of structural and electrical properties of ITO thin films
and correlation to optical parameters extracted using novel method

based on PSO algorithm

Introduction
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Abstract. Thermally annealed DC sputtered indium tin oxide (ITO) thin films were investigated for improvement in
properties. The structural and optoelectronic characteristics of as-grown and air annealed films were studied and correlated
to the film deposition time. Raman spectroscopy analysis showed low crystalline quality films for as-grown films and were
significantly improved after annealing. X-ray diffraction analysis confirmed the crystallinity of samples with (222)
preferential orientation. The 30-min ITO films showed a peak at (400). The films optical study shows an increased
transmittance (in the transparency region) with decreasing deposition time, yielding a high transparency of 90% for the
5- and 15-min ITO films annealed at 400°C. The films thickness and optical constants were determined from optical
transmission only without interference fringe using a novel method based on particle swarm optimization (PSO) algo-
rithm. The absorption coefficient and calculated refractive index decreased with increasing deposition time and their value
reduced further after annealing treatment. The 30-min ITO films showed a comparable low resistivity of 4 x 1072 Qcm
before and after annealing as determined by Hall effect measurements. This observation confirms their non-sensitivity to
the oxygen post-contamination that resulted from (400) orientation. A shift of the absorption edge towards shorter
wavelengths accompanied with an increase in the optical bandgap before and after annealing with decreasing thickness
were observed. We have demonstrated that the optical parameters such as the optical gap depend mainly on the electrical
parameters such as the carrier concentration.
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7Zn0O and SnO; [4,5]. Its behaviour as a TCO is the result of
its n-type semiconductor nature and a wide bandgap ranging

Sn-doped In,O3, which is known as indium tin oxide (ITO),
has become an important material for various applications
due to its specific properties such as the unification of high
electrical conductivity and high transparency [1-3]. It is one
of the most studied transparent conductive oxide (TCO) due
to its low resistivity as compared to other TCOs, such as
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from 3.5 to 4.3 eV [6]. ITO has a low resistivity, generally
varying between 107> and 10~* Q cm, which is caused by
two essential factors, namely, (i) oxygen vacancies, which
facilitate the electronic transport by introducing additional
levels into the forbidden band [7], and (ii) Sn substitutional
incorporates into the In,O; lattice and creates a negative
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carrier excess because Sn*" ions create fewer bonds than
In** ions, and hence, there will be more free charge carri-
ers, resulting in a significant increase in the Fermi level [8].

Many works have studied ITO thin films using different
deposition techniques [9-13]. Pankratz [14] was one of the
first to work on the ITO in 1972. To optimize the optical
and electrical properties of the ITO thin films, he deposited
samples with different Sn mass percentages by RF sput-
tering using an argon—oxygen gas mixture during deposition
with different proportions followed by annealing at 500°C.
His study proved that the argon—oxygen gas ratio has much
more influence than the In/Sn mass ratio on the properties of
the RF sputtered ITO layers. Also found that the optimal
ratio of argon: oxygen gas is 82:18. Pankratz [14] obtained
ITO films with a transparency of 95% and a resistance
square which can reach 300 Q Sq~' before annealing and
200 Q Sq~! after annealing. Mizuhashi [15] studied the
electrical properties of the ITO deposited by evaporation as
a function of the mass percentage of Sn and the substrate
temperature. He obtained by evaporation of an ITO thin film
with a resistivity of 2.10-4 Q.cm and a Hall mobility
ph = 72 cm® V™' 57! for the 5% Sn layer annealed at
400°C. In order to optimize optical transparency, Minami
et al [16] are interested in studying the different effects of
annealing and concentrations on the ITO thin films. To do
this, they deposited thin layers of the same thickness using
the DC magnetron sputtering with different targets con-
taining different SnO, doping (0, 1, 5 and 10%). The results
before annealing showed that the increase in doping con-
siderably reduced the transparency. They demonstrated that
annealing was able to solve this transparency problem
where they obtained a transparency of more than 90%.
Torkaman et al [17] are interested in the influence of
annealing at 450 and 500°C under vacuum for 1 h on the
properties of ITO layers. They demonstrated that the layers
have a nanocrystalline structure and the increase in
annealing temperature led to an increase in the crystallites
size as well as the conductivity and the concentration of
carriers. Chen et al [18] have studied the influence of the
oxygen flux used in the deposition of thin layers of ITO by
DC magnetron sputtering with various oxygen flow rates.
They showed that the oxygen concentration detected by
XPS in the ITO films increases with the oxygen flow. By
calculations, using the density functional theory, they
demonstrated that the increase in oxygen vacancies induces
the increase in the bands below the Fermi level as well as
the presence of a second bandgap.

Among all these works, the DC or RF magnetron sput-
tering method is most often used to produce ITO thin layers.
ITO layers deposited by the DC/RF magnetron sputtering
method generally require a low partial pressure of oxygen
when alloy and oxidized targets are used. In this work, the
ITO thin films deposited by DC sputtering of InO,-Sn target
using Argon plasma without oxygen in the sputtering pro-
cess. To evaluate the effects of deposition time and thermal
annealing on the structural and optoelectronic properties of
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ITO thin films, the deposition time was varied for 5, 10, 30
and 60 min. One series of the resulted films was further air
annealed at 400°C for 1 h. X-ray diffraction (XRD) and
Raman spectroscopy were used to characterize the struc-
tural properties of the ITO films. The optical properties of
the thin films were analysed from optical transmission
measurement. In all transmission spectra of ITO thin films
studied in this work, no interferences fringes are observed.
The determination of the optical constants from the classical
envelope method cannot therefore be carried out. In this
article, we developed novel method based on the particle
swarm optimization (PSO) algorithm [19,20] for the
extraction of thickness and the optical constants, such as the
dispersion of the refractive and the optical absorption
coefficient from optical transmission spectra only. The
optical bandgaps were determined from optical absorption
coefficient spectra using the Tauc extrapolation method.
Finally, the electrical characteristics, namely resistivity,
carrier concentration and mobility, were determined using
the Hall effect technique. The correlation between the films’
optical bandgap and the electrical characteristics, and par-
ticularly the effective mass, carrier concentration and
mobility, has been well investigated.

2. Experimental

ITO films were grown on glass substrates of a 1 mm
thickness and a 25 x 75 mm? surface area with a homemade
physical vapor deposition (PVD) DC sputtering system
using only argon in the sputtering process. The electrode
diameter and the distance between the electrodes were 45
and 40 mm, respectively. The used ITO target (90% InO,
and 10% Sn) with a 60 mm diameter and 2.5 mm of
thickness had a purity of 99.99%. The substrates were first
cleaned with acetone and ethanol for 5 min and then intro-
duced into the sputtering chamber. This was followed by
introducing argon (Ar) as an inert gas until the chamber
reached a minimum background pressure of 1.7 x 107> Torr.
The sputtering conditions were adjusted to 5 x 10~ Torr as
the working pressure and 40 W of input power for all
experiments. For all the deposited layers, the substrates
were kept at room temperature while the deposition time
was set to 5, 15, 30 and 60 min to obtain four different
thicknesses. Once the deposition process is done, two series
of samples have been prepared. The first one consists of
samples 5, 15, 30 and 60 as-grown, while the other series
consists of exactly the same samples but all have been air
annealed at 400°C for 1 h at a heating rate of 10°C min~"'.
The structural, optical and electrical properties before and
after annealing treatment were then investigated. The
structural proprieties of the deposited ITO films were
investigated by means of XRD technique in standard Bragg-
Brentano configuration (0-260) at room temperature using
Philips X’Pert MPD diffractometer with conventional
Cu-Ka X-ray radiation (Axgp = 1.54056 ;\). The bonding
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structure and crystallinity was also characterized by Raman
scattering measurement. Raman spectra were measured in
backscattering geometry with Horib Jobin-Yvaon confocal
LabRam H-Resolution micro-Raman with a laser at wave-
length of 325 nm. The power of laser was kept below 200
IW to avoid laser-induced crystallization on the films. The
peak positions were determinate with accuracy below 0.3
cm™' after curve fitting. The electrical characteristics,
namely the resistivity, carrier concentration and mobility
were determined from Hall effect measurements using a
HL5900PC Hall effect profiler. The optical transmittance of
the deposited layers was measured by OPTIZEN 3220 UV
spectrophotometer in UV-visible-NIR range (200-1100
nm). The film thickness and optical constants of the samples
were extracted from the measured optical transmission
spectra by using an efficient PSO algorithm-based method.

3. Results and discussion

3.1 Structural properties

Figure 1 shows Raman spectra of the ITO layers grown with
different deposition times before and after annealing. Four
characteristic peaks of InO, at 112, 135, 172 and 319 cm !
[6] are clearly seen. A fifth peak was identified at 575 cm ™',
which corresponds to SnO, vibration modes [21].
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Figure 1.
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A comparison of the full-width at half-maximum
(FWHM) of the Raman peak at 319 cm~! shows much
higher values than those reported previously, indicating that
the films have higher stress and lower crystallinity. How-
ever, after annealing, these values decrease, indicating an
improvement in the layer crystallinity. The existence of 575
cm ' peak was reported by Diéguez Barrientos er al [21] in
nanometric SnO,. The comparison of the peak evolution
before and after annealing clearly shows its disappearance
in deposited samples with 30 and 60 min after annealing.
This could be explained by the fact that the ITO film
crystallization goes through a stage where Sn atoms must
find a position where they are in stable thermodynamic
equilibrium by replacing indium [22].

Figure 2 shows the XRD spectra of all samples after
annealing. These results show that the samples deposited
above 15 min exhibit crystallinity. The spectrum of the
layer deposited for 5 min shows no peak. This is probably
due to the low thickness value. The identification of (211),
(222), (400), (411), (332), (431), (440) and (622) directions
can be indexed as the characteristic structure of the cubic
ITO phase according to (JCPDS File No. 6 416) [23].
Thermalized atoms promote crystallization in orientation
(222), but excess energy causes crystallization along the
(400) and (440) planes [24]. We note that our layers have a
preferential orientation (222). This orientation is demon-
strated by comparing the 1222/I1400 intensity ratio of the
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Raman spectra of ITO layers (a) before and (b) after annealing.
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Figure 2. XRD spectra of all samples after annealing.

XRD spectra of our samples to that of samples by Le er al
[25]. Table 2 shows the values of this ratio. For all samples,
this ratio is higher than the reference value of 3.33. This
preferential orientation is more pronounced in the sample
deposited for 60 min. Shakiba et al [26] have shown that the
oxygen vacancies are more important and apparent in the
plane (400) than in the plane (222).

It is noticed that the sample deposited for 30 min seems
to have a different structure than the others. In fact, it has a
high peak intensity corresponding to the (400) direction.
The value of the I,/I490 ratio for the 30 min layer is
smaller than the other layers, which could be due to a
microstructure change as reported by Lee and Park [22],
who studied the relationship between surface roughness and
the 1222/1400 ratio. It was shown that the roughness
decreased when the I555/149¢ ratio increased. According to
Dong et al [27], this peak causes aggregation of grain
growth along the (400) plane, resulting in higher surface
roughness.

For further investigation into the structural modifications,
the lattice parameter ‘a’ was calculated using the Bragg
relation [28]:

ni= 2dhk1 SiH(@hkl) (1)

where h, k and 1 are Miller indices, 0y, is the diffraction
angle, dyq and n are the inter-planar distance and diffraction
order (n = 0, 1, 2...), respectively. In the cubic structure of
ITO, the inter-planar distance dyy, is given by [29]:

a
VR + k2 + P

when n = 1, at the first order of approximation, the values of
‘a’ are expressed by:

a2 (3)

o sin Hhkl

(2)

dna =
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For further understanding of the structural changes, the
microstrain T was determined by using the equation [6]:

L FWHZ/ICOSQ @)

where FWHM and 0 are full-width at half-maximum of
XRD spectra and Bragg diffraction angle, respectively. To
determine these parameters, (222) peaks for ITO annealed
films were selected. The results are summarized in table 1.

It is noted that the value of the lattice parameter of the
60-min layer is greater than 10.118 A, which corresponds to
that of pure In,O3. This increase in the lattice constant of
ITO film can be explained by the substitutional incorpora-
tion of Sn** ions into the sites of In®". This can lead to an
expansion of the lattice and/or the incorporation of Sn ions
in an interstitial position. Deformations in the lattice can be
created because the radius of Sn*' ions (~0.93 IOA) is
greater than that of In**(~0.79 A) [30].

3.2 Optical properties

The optical transmission spectra in the wavelength range of
200-1100 nm of ITO layers before and after annealing are
shown in figure 3a and b, respectively. As clearly seen,
these spectra consist of three zones: (i) strong absorption
between 200 and 290 nm, (ii) weak absorption between 290
and 400 nm, and (iii) zone of transparency from 400 to 1100
nm. The optical transmission values remain almost constant
in the transparency region, and these values vary between
74 and 90%, depending on the deposition time. By com-
paring these spectra, it can be seen that the transparency is
related to the deposition time and therefore to the thickness
of the layers. The value of the transmission in the trans-
parency zone decreases with the increase in the deposition
time. On the other hand, the transmission spectrum of the
deposited layer for 30 min shows a lower value of trans-
mission than that obtained from the deposited layer for 60
min. The transmission spectrum of the deposited layer for
30 min (figure 3a) is an apparent transmission spectrum, not
the true transmission. Indeed, it can be observed that the
transmission of this layer is not constant in the transparency
zone, a fact that indicates that it has a high surface rough-
ness [31,32]. Figure 3b shows that after annealing, there is
an increase in optical transmission for all samples, indi-
cating an improvement in the transparency of the elaborated
layers. The deposited layer for 30 min showed the most
remarkable increase of 9% at 1 = 650 nm and reached the
same transparency as that of the sample deposited for 60
min. Moreover, the optical transmission of the deposited
layer for 30 min after annealing is also not constant in the
transparency region. This can be explained by the existence
of a large surface roughness on this sample. This is in good
agreement with XRD results in terms of the strong intensity
of the (400) peak [22,27]. As previously mentioned, the
annealing process improves the transparency of the layers,
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Table 1. Results obtained from XRD analysis.
Time (min) Ratio I5,/I409 0 (°) FWHM (rad) Mesh parameter ‘a’ (A) Microstrain (10~%) GPa
15 9.5 15.3 0.01 10.1 2.5
30 4.16 15.36 0.01 10.06 2.55
60 35 15.33 0.01 10.89 2.65
(a)100 (b)100
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Figure 3. Optical transmission for ITO films (a) before annealing and (b) after annealing.

as reported previously [33]. However, the transmission
spectrum of a 30-min sample after annealing has a lower
variation in the transparency zone than before annealing.
This can be explained by a decrease in surface roughness.
The increase in transmission may be due to the decrease in
diffuse reflection.

It is important to point out that interference fringes in all
transmission spectra were not observed. Therefore, the
determination of the thickness and dispersion of the
refractive index as well as the optical absorption coefficient
from the envelope methods proposed by Manifacier et al
[34] and Swanepoel [35] becomes impossible. In theory,
reflection measurements must be performed in addition to
transmission measurements to determine the optical con-
stants [31,32]. In this work, we developed a method for the
determination of optical constants from transmission mea-
surements only based on an efficient heuristic calculation
method [36]. Lekoui et al [20] investigated the optical
properties of nanostructured Mn-doped ZnO thin films by
applying an efficient optimization algorithm called particle
swarm optimization (PSO) proposed by Eberhart and
Kennedy [19,37]. The crucial idea of this method is to deal
with the problem of determining the optical properties from
an optimization point of view. In other words, the objective
(cost) function to be minimized was first defined. After-
wards, the PSO algorithm begins to seek the optimal solu-
tion (minimizing the cost function) in an iterative way until
reaching convergence. The objectives function to be opti-
mized using the PSO algorithm is defined as the root mean

square error (RMSE) between the measured and

estimated transmittance spectra. The estimated trans-

mittance spectrum is computed from equations (5-11)

[36,38] after having replaced the identified parameter

values, while the cost function to be minimized is given
by equation (14).

Ax
T—— =
B — Cx + Dx?

where
A = 16n,(n* + k%) (6)
e LR e | RN CRE R I

C=[(@ — 14+ 8) (2 = n2 + 1)
—2k*(n? + 1)]2cos ¢ — k[2(n* — n} + k*) (8)
+(n2 +1)(n* = 1+k*)]2sine

D= {(n - 1)2+k2} {(n —1)(n—n?) + k2] (9)

dnnd
¢ = (10)

)
(11)

x = exp(—od)
ns denotes the substrate refractive index, n is the thin film
refractive index, k and o are the thin film extinction and
absorption coefficients, respectively. d denotes the thin film
optical thickness. In order to compute the refractive index
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of ITO films, Cauchy dispersion model has been employed
and it is given as follow [36]:

n() = oy —|—% (12)
k()v) =0 —‘rf—% (13)

where oy, oy, f; and f, are the model fitting parameters.

RMSE = [TMeas (]) - Test(j, w)]z/L

1

(14)

m
j=
Tmeas and Ty in equation (14) denote, respectively, the
measured and estimated transmittance data.  is the vector
of parameters to be determined and it includes Cauchy
dispersion model coefficients and optical thickness
(w = [o, By, 22, f5,d]). L represents the size of transmit-
tance spectrum vector.

The PSO algorithm, which is a powerful heuristic search
method, is based on the swarming behaviour of biological
populations, such as birds and fishes. This choice is due to
the fact that PSO is widely applied to solve many number of
optimization problems in different areas [39,40]. The pro-
posed strategy used in this work is summarized in figure 4.

To accurately determine the optical properties, the PSO
algorithm will be initially employed for medium and weak
absorption zone transmittance spectra, with the aim of
obtaining the optical thickness and Cauchy model parame-
ters. The refractive index values that correspond to the
entire wavelength range will then be calculated using
equation (12). The obtained thickness, d, using the PSO
method of elaborated samples for 5, 15, 30 and 60 min was
3, 25, 71 and 173 nm, respectively. Annealing had no
influence on the thickness of the samples.

Figure 5a shows the variation of the refractive index, n,
of the elaborated samples before annealing as a function of
wavelength 1. A decrease in the refractive index with
increasing deposition time and therefore with thickness was
observed. Figure 5b shows that for as grown samples, the
static refractive index n, decreases with increasing

Deposited thin film
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deposition time. After annealing, the values of ny decreased
for all samples compared to the as-deposited samples. On
the other hand, it can be seen that the layers after annealing
have almost the same static refractive index (1.69-1.81).

Figure 6a shows the influence of the deposition time on
the optical absorption coefficient as a function of photon
energy. The absorption coefficient o was obtained from the
strong absorption zone as follows [34,35,41]:

1. B
o=—=In(=T)

d A (1)

It is noticeable that the absorption coefficient decreases
with the increase of the deposition time. Figure 6b shows
the influence of annealing on absorption for the deposited
layer for 30 min. A remarkable decrease in absorption after
annealing was observed. This result is in good agreement
with the result obtained from the improvement of the layer’s
transparency with annealing.

According to Torkaman et al [17] and Song et al [42],
crystalline ITO is a direct gap semiconductor. From the
absorption coefficient, the optical gap E, can be extracted
using the extrapolation method proposed by Tauc [41]:

(ohv)’= A(hv — Ey) (16)

An example of extraction of the direct optical gap for the
deposited layer with a time of 15 min is shown in inset of
figure 7.

The results of the optical gap obtained for all samples,
before and after annealing, are summarized in figure 7.
Before annealing, the direct optical gap values are around
4 eV, which is in perfect agreement with the literature
[42,43]. There is a slight decrease in the gap with increasing
deposition time. On the other hand, the annealing process
has no significant effect on the gap variation.

3.3 Electrical properties

The results of Hall electrical measurements are summa-
rized in table 2. It is worth pointing out that 5-min sample
is not shown in table 2 due to its very low thickness ~3

Meas

+
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Wavelength Optimal parameters

RMSE =

D [Tweast) = Tese Gy 0)12/L
Jj=1

N

N

——— Transmittance model

T- v
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w vector
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Figure 4. Method for determining the film thickness and optical constants.
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(a) Evolution of the refractive index as a function of wavelength for different ITO film thicknesses before

annealing. (b) Variation of the static index ng as a function of ITO film thickness before and after annealing.
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(a) Evolution of the optical absorption coefficient as a function of energy for different ITO film thicknesses.

(b) Absorption coefficient evolution as function of energy before and after annealing of sample deposited for 30 min.

nm. Hall effect results have shown that all ITO layers are
n-type. This result was also confirmed by the hot tip
technique.

A significant increase in electron mobility of as-grown
samples with deposition time is observed. This enhance-
ment of the Hall mobility may be due to the diffusion of
carriers at the grain boundaries as suggested by Lee and
Park [22], where a space charge region was reported at the
interface between the grains. The electronic transport takes
place primarily through the amorphous matrix in the
material, in the grain boundaries [44]. As clearly seen in
table 2, the mobility of the annealed samples is in general
lower than that of the as-grown samples except 15 min
sample, which can be explained by an increase of the
crystallite sizes after annealing, as confirmed by Raman
measurements. This increase in crystallite sizes can lead to
the deterioration of the amorphous phase quality in the grain
boundaries, caused by the substitution of In atoms by Sn
and the creation of vacancies. For a 15-min deposited layer,
the variation in the mobility is not significant because of the
small layer thickness.

The carrier density vs. ITO film thickness for as-grown
and annealed samples is also shown in table 2. Before
annealing, the carrier density decreases as the thickness of
the samples increases. This reduction can therefore be
related to the increase in mobility. After annealing, an
apparent decrease was observed in carrier density values for
15- and 30-min deposition samples as compared to their
values before annealing. On the contrary, for the 60-min
deposited sample, a large increase of carrier density can be
clearly seen in table 2. After annealing, oxygen vacancies
and Sn*" active states are created. Oxygen vacancies and
Sn substitution will increase the possibility of free electron
generation [22]. For thin layers of 20-80 nm in thickness,
the density and size of vacancies are very small. The con-
tribution of these vacancies to the generation of charge
carriers after annealing becomes negligible. After crystal-
lization of these layers, the contribution of the amorphous
phase in the grain boundaries to the capture of charge car-
riers becomes more important. This could explain the
decrease in carrier density after annealing of the two sam-
ples deposited with 15 and 30 min.
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Figure 7. Optical bandgap obtained for all samples before and after annealing. Inset
is an example of determination of the Tauc optical gap of the deposited sample for

15 min.

Table 2. Hall electrical measurement results.

Carrier concentration 10%°

Mobility (em?> V71s™h Resistivity (m€ cm) (em™3)
Deposition time Optical thickness Before After Before After Before After
(min) (nm) annealing annealing annealing annealing annealing annealing
15 25 0.20 0.58 2.717 46 10.98 2.24
30 71 1.82 0.30 4.07 4.56 8.42 2.88
60 173 19 0.32 53.92 14 0.59 13.7

For the resistivity of layers before annealing (table 2), we
notice a little increase from 2.7 to 4 mQ.cm when the
thickness varies between 25 and 70 nm. However, for the
173-nm thick sample, there was a significant increase in its
resistivity (53.9 mQ.cm) as compared to the other two
samples. Concerning the ITO layers after annealing, a
decrease in resistivity of the deposited sample for 60 min
may be due to the large decrease in mobility from 19 to 0.3
cm? V™' s7!' with a very large increase in charge density
from 0.6 x 020 to 13.7 x 020 cm . The increase in
resistivity for the sample of 15-min deposition time is due to
the large decrease in the charge density from 11 x 1020 to
2.2 x 1020 cm™> accompanied by a slight increase in
mobility from 0.20 to 0.58 cm? V™' s7!. On the other hand,
regarding the deposited layer for 30 min, both mobility and
charge density follow the same behaviour. Their values
decrease from 1.8 t0 0.3 cm® V™' s~ ! and from 8.4 x 1 020

to 2.8 x 1020 cm ™, respectively. This may explain the
small variation in resistivity for this sample. This can be
caused by its preferential direction along the crystal axis
(400) as demonstrated by XRD analysis. Under this cir-
cumstance, this deposited layer is insensitive to oxygen
contamination as opposed to other layers, which have a
preferential orientation (222). Therefore, the crystalline
direction (400) is less sensitive to the oxygen contamination
than (222) direction [26].

It can be noticed that by increasing the ITO layer
thicknesses, a shift in the absorption edge towards greater
energy values in the near-ultraviolet and visible wave-
length regions was observed in transmission spectra. It is
known as the Burstein-Moss effect [43] and it can be
given by equation (17). This is due to the change in the
optical gap, which is mainly caused by the variation of
carrier concentration.
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where E, is the samples optical bandgap, Eg is the intrinsic
optical gap, N denotes the carrier concentration and m* is
the reduced effective mass. Figure 8 shows the variation of
optical gap as function of carrier concentration before
annealing.

There is a linear dependence between the optical gap and
carrier concentration. The value of Ey, was estimated as
3.86 eV by extrapolating the charge density value to zero
from the linear fit. The obtained values of intrinsic optical
gap of ITO films are in good agreement with those found by
previously published works [45-48]. From the linear fit in
figure 8, a low value of effective mass (m* = 0.86 m0) was
obtained for the samples before annealing. This result is in
agreement with the results obtained by Ray er al [47] and
Ohhata et al [48]. After annealing, there is an increase in the
intrinsic optical gap (Eq = 4.12 eV) and a decrease in the
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effective mass (m* = 0.76 mg). This is due to the layers’
crystallization and the possibility of oxygen incorporation
in grain boundaries for samples during air annealing.

The selectivity of a TCO film comes from a compromise
between these transparency and conductivity properties. In
order to predict the TCO selective properties from the
fundamental optical and electrical properties, the figure of
merit can be employed. Haacke [49] already proposed in
1976 a quantitative evaluation of the quality of a TCO by
the calculation of a figure of merit factor Qy, according to
the given equation:

TIO
Ou = R

(18)

where T is the transmittance in the visible spectral region
and Ryg is the sheet resistance. However, this definition does
not take into account the variations in thickness. Gordon
[50] therefore introduced another figure of merit, FOM,
defined by the equation:
o
FOM = — (19)
o
where ¢ is the film conductivity and o« the absorption in the
visible region. Figure 9 shows the variation of the figure of
merit, FOM, using Gordon formulation for the ITO samples
with different deposition times before and after annealing.
The conductivity was deduced from the resistivity values in
table 2 and the absorption coefficient o used was the
absorption around 2 eV.

As shown in figure 9, the obtained FOM of samples is in
good agreement with literature [50,51]. It can be seen that
the figure of merit decreases with the increase in the
thickness before annealing. FOM has a maximum value for
15 min sample before annealing, but it decreases consid-
erably after annealing due to the increase in resistivity
(table 2). The 30-min sample has an acceptable figure of
merit for TCO applications and is almost stable after
annealing. This is due to its no sensitivity to the oxygen
post-contamination that resulted from its (400) orientation.
This confirms its performance as a long-term selective
layer.

4. Conclusion

ITO thin films with different thicknesses were elaborated by
PVD DC sputtering using Argon plasma without oxygen in
the sputtering process and were subjected to thermal air
annealing treatment for properties improvement. Specifi-
cally, deposition time and thermal annealing effect on
structural, optical and electrical proprieties of the elaborated
samples was investigated. Raman spectroscopy study anal-
ysis indicated a crystallinity of ITO films that varies with
deposition time and annealing. SnO, vibration modes were
identified from 575 cm™! peak, which has disappeared after
annealing for 30- and 60-min deposited thin films. This
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result is a strong indicator of crystallinity improvement. The
obtained XRD results also confirmed this behaviour. In fact,
the elaborated ITO films have a cubic structure with (222)
preferential direction. The film obtained after 30-min
deposition time exhibited an additional intensive peak (400)
corresponding to a higher surface roughness. Optical
transmission measurement showed a high transparency,
which is improved after annealing to rich 90%, and inter-
ference fringes were not observed in the spectra. The optical
constants and the thicknesses were accurately determined
from the transmission spectra using an efficient PSO algo-
rithm-based method developed in this study. The film
thicknesses obtained was from 3 to 173 nm with varying
deposition time from 5 to 60 min. The refractive index
decreased with increasing deposition time. After annealing,
the ITO samples refractive index decreased and had almost
the same static refractive index. The absorption coefficient
decreased when increasing the deposition time. Optical
study has proved also that the absorption after annealing
decreased which indicates an improvement of transparency.
The Hall effect measurements results as function of depo-
sition time showed that the mobility increases before
annealing and the films have very similar values of mobility
after annealing. The electrical characterization showed also
that before annealing, carrier density decreases and the
resistivity increases with the thickness; however, an inverse
behaviour was noticed for the charge carrier density varia-
tion after thermal treatment. Annealing has considerably
decreased the resistivity of the layer obtained after 60-min
deposition time. The 30-min layer exhibits less resistivity
and figure of merit variations after air annealing due to the
presence of the (400) orientation, which was around
4 x 10 Q cm. Finally, the optical properties of ITO
samples were related to the variation of the charged carrier
density. A shift of the absorption edge towards shorter
wavelengths was observed and was accompanied with an
increase in the optical bandgap attributed to the charged
carrier density increase. The value of effective mass
deduced from the linear dependence between the optical
gap and carrier concentration of m* = 0.86 m, was obtained
for the samples before annealing and m* = 0.76 m after air
annealing.
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