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Abstract

High transparent In,Os; and Cr-doped InyO; (Iny<CriOs3) nanocrystalline thin films were
prepared using a simple sol-gel method followed by a spin coating technique. The effect of
Cr concentration on the structural, microstructure, electrical and optical properties of In,.
«CrxO3 were systematically investigated using X-ray diffractometer (XRD), atomic force
microscopy (AFM) ,UV-vis spectroscopy, field emission scanning electron microscopy
(FESEM) and Hall effect technique. The films have good crystallization with preferred
orientation to (222) direction. The lattice parameters, a, of In,O; system increased at lowest
dopants (x=0.025) and decreased as the dopant was further increased. The optical
transmittance of films increased up to 98 % for x=0.05 and decreased for further Cr
concentrations. From AFM measurement the films nanocrystals morphology was depending
on Cr concentrations. The band gap was around 3.76 eV for pure and with x<0.075 however
it increased. The effect of Cr concentrations on conducting mechanisms of In,Os film has
been investigated from 80-300 K" using thermal activated conduction band and hopping
models. The films, at x=0.0-0.075, have typical semiconductor behaviour. Three different
conducting mechanisms have been estimated. All thermal activation energies and conduction
hopping parameters have been determined and analysed in details.

Keywords: sol-gel - indium oxide- transmittance - porosity- conducting mechanism- hopping
conductivity models- thermal activated conduction band

1. Introduction

Transparent semiconductor oxides (TCO) are transparent materials with good electrical
conductivity. It has been used for many applications such as flat-panel displays, solar cells
and gas sensors. Several types of dopants have been introduced into the semiconductor
structures in order to make them suitable for certain applications. Many researchers have
studied the effect of dopant concentrations on the microstructure, electrical, optical
transmission and magnetic properties of TCO in order to improve the material properties [1-
6].The function of dopant is to tune microstructure, transmission and electrical conductivity
[1-12] of the semiconductor materials.



Indium (III) oxide (In,O3) is one of the (TCO) with a wide band gap value i.e. 3.6 eV.
Its electrical and physical properties could also be improved by a doping process. It has been
reported that doping In,O3; with Sn improves its electrical property making it suitable as an
electrode in solar cells, photovoltaics and flat-panel displays [8, 9, 13, 14]. High
transmittance (90%) at near-infrared region has been achieved by doping W in In,Os [7].

Cr doped indium oxide has received great attention [15-18] since it has been reported
as a possible candidate for dilute magnetic semiconductors [19]. Some researchers have been
focused on the structural, optical and electrical properties of Cr doped In O3 thin film_which
could give an explanation for possible magnetic properties [20, 21]. Hsu et al. studied the
crystalline structural transition effect on the electronic-band structure of chromium-doped
indium oxide prepared on different substrate Si and yttria-stabilized zirconia (YSZ) substrates
by a rf sputtering at room temperature. The growth condition and different type of substrate
used, can produce Cr doped In,Os thin films with a different band gap value. It was also
reported that the transmission, band gap and electrical properties of - laser ablated Cr doped
In,O5 thin films are dependent on different oxygen pressure during the preparation process
[21]. A sol-gel method is a simple and low price method. It also offers precise control of
material composition [22-24]. In this paper we report the effect of Cr concentration on
structure, microstructure, electrical transport and optical properties of Cr doped In,Os thin
film. The details of the conducting mechanism of pure and Cr doped In,O3 system were also
discussed. It was found that the microstructure, optical and conducting mechanism of indium
oxide is highly dependent on the doping concentration of Chromium.

2. Experimental

Indium nitrate hydrated In(NO3).H,O and chromium chloride hexahydrate CrCl;. 6(H,O)
were used as source materials of In"® and Cr™ for the preparation of In, xCryOj; thin films.
Absolute ethanol and acetylacetone were used as solvents. To get a sol, In(NO3).H,O was
firstly dissolved in mixture of absolute ethanol and acetylacetone and CrCls;.6(H,O) was
dissolved in‘absolute ethanol. Then each solution was stirred for 1 h at room temperature (30
°C). The solutions were then mixed and stirred for 2 h then it was filtered using 0.45 um
syringe filter and aged for 2 d. Then the aged solution was dropped onto a cleaned soda lime
glass substrate and spins coated at 1500 rpm for 30 s. The coated layer was dried at 70 °C for
20 min to evaporate the organic solvent, followed by an annealing process at 500 °C for 30
min. The phase and crystal structure were investigated using a Bruker X-ray diffractometer
(XRD) (2 from 15 to 60 °). The surface morphology and roughness were studied using a
Nova atomic force microscope (AFM). The optical properties of the films were characterized
using a Perkin Elmer (Lamda35) UV-visible spectrophotometer. The Hall Effect
measurement was done using a Keithley 2700 multimeter and a Keithley sourcemeter by a
Van der Pauw method.



3. Results and Discussion:
3.1. Microstructure analysis using X-ray diffractometer

Fig. 1 shows the X-ray diffraction patterns of In, (CryO; with x= (0 - 0.15). All observed
peaks belong to bixibyte cubic structure with a space group of Ia-3 (206). There is no peak
related to chromium oxide or its compound can be observed. The samples have
polycrystalline structures with preferred orientation to (222) direction. In order to elucidate
the effect of Cr doping in the unit cell of indium oxide, all XRD patterns have been analysed
using an EVA software. The XRD patterns of all samples match with JCPDS card number
006-0416 for bulk indium oxide. The lattice parameter for pure sample is 10.108 A, which is
less than the value for standard bulk In,O; (10.118 A). The lattice parameters of all samples
are summarized in Table 1. The effect of Cr concentration ranged from x=0.025(1.25%) to
x=0.15 (7.5 %) on the unit cell of indium oxide can be divided to two effects. For low doping
where there isn’t enough Cr’* ion to replace indium site, Cr’* sits atan interstitial site in unit
cell instead, resulting in a small expansion of a lattice parameter a. This phenomena is
possible because the ionic radius of Cr'™ ion (R¢;=0.61A).is smaller than the ionic radius of
In*" (Riy=0.80A) and In,Os has a bixibyte unit cell consists of 32 In atoms and 48 oxygen
atoms. A similar result has been reported for Sn doped In,O3; [25-27]. For higher dopants
x>0.025 (1.25%) the lattice parameter, a was monotonically decreased by increasing Cr
concentration. The inset in Fig. 1 shows (222) plane shifts to lower angle for sample with low
doping x=0.025 (1.25%) and shifts to higher angle with x>0.025.

The crystallite size of all samples was calculated using Scherrer’s eq. (1) followed,

D =kA/p cos 6 (1)

Where D, K, A,, B and 0 are the crystalline size, Scherrer constant which is equal to 0.9, the
wavelength of Cu Ka radiation (A=1.5406 A), width at half maximum FWHM in radian and
Bragg angle, respectively. The crystallite size calculated from the most intense peak i.e. (222)
plane is tabulated in Table 1. All the parameter in the eq. (1) was determined from the
analysis of the XRD pattern using the EVA software. The results show that the crystallites
sizes are independent from the Cr concentrations.

3.2. Morphology and Microstructure analysis

Fig. 2 shows AFM 2D and 3D of images (5 pum x 5 pm) of the thin films. It clearly shows
that the morphology of indium oxide affected by chromium concentrations and has a different
growth pattern. For samples x=0.025 and x=0.05, the grains have a spherical shape and tend
to agglomerate to each other. Sample x=0.075, the surface has spherical particles with better
distribution however small pores can be observed on the surface. By increasing the Cr



doping, the porosity increases and the spherical shape of grain changes and tend to elongate
and form in flowers like shape for x=0.15. The root mean square roughness varied from
1.755 nm for sample x=0.025 to 7 nm for sample with x=0.15 and this variation depends on
the grains agglomeration and porosity of the sample’s surface as can be noted in Fig. 2.

Fig. 3 shows a typical FESEM cross section micrographs for the sample with x=00
and x=0.05. The films have smooth dense thin layer and consist of small particles. The film
also shows good adhesion to glass substrate.

Fig. 4 shows the XPS spectra of elemental composition of sample with x=0.05. The
In 3d spectra appear at 444.47 eV and 452.06 eV for In 3ds,; and In 3d3/; transition. The Cr 2p
spectra appear at 576.83 eV and 586.23 eV for Cr 2ps,; and Cr 2p;, which are related to Cr’?
states for Cr atom. The spectra of O 1s can be split into two peaks at 529.57 eV and 531.18
eV. The first transition belongs to In-O bonding in In,O3 system. The shifting of O 1s spectra
in the second transition could be related to the change of‘the surrounding Oxygen atoms.
Oxygen vacancies and Cr dopant have role to determine properties of TCO systems.

3.3. Electrical properties of Cr doped In;O3 at room temperature (30°C)

The electrical properties at room temperature (30°C) of Cr doped indium oxide thin films are
shown in Fig. 5. The resistivity, carrier concentration and mobility of pure indium oxide are
0.29 .cm,1x10" cm™ and 2.1 ecm*V"'S™ respectively. In earlier reports of In,O3 prepared by
the sol-gel method followed by multiple-dipping process, the resistivity, carrier concentration
and mobility are around 0.6 .cm, 2.1x10" c¢m™ and 0.2 cm?V'S! for In,O3 thin film
annealed twice at 500 °C. First annealing at 500 °C gives the resistivity of 5 .cm for [28].
Our pure In,O3 hasdower resistivity and higher mobility compared with the previous report.
This is due to the good crystallinity and dense layer of the films (see Fig. 1 and Fig. 3). Fig. 5
also shows that the resistivity of all films increases while the carrier concentration decreases
gradually with the increment of Cr concentration. Based on the stoichiometry calculation
involved during the sample preparation, increasing the Cr dopant will reduce the In. The
conductivity of In,O3 system is originated from interstitial indium that acts as a shallow
donor'level near the conduction band. The generation of carrier concentration occurs when
interstitial indium and oxygen vacancies exist in the system [29]. Thus increasing the dopant
will reduce the carrier concentration and the resistivity will increase. Another factor that
could cause the increase of resistivity of films is the porosity that starts to appear at x=0.075
and increases with the increment of Cr. Fig 5 also shows the effect of Cr concentrations on
the mobility of the In,Os thin films. The relation between carrier concentrations (n) and
mobility (p) is given by p = l/epn (p is the resistivity and e is the electron charge). This
equation clearly indicates why mobility increases while the carrier concentration decreases.
Similar results have been reported by [3, 30].



3.4 Conducting mechanism at low temperature

The conducting mechanism of pure and Cr-doped indium oxide below room temperature has
been studied using thermal activated conduction band and hopping models which are
commonly used to describe conducting mechanism in semiconductors [31-34]. Three
different conducting regions could be estimated using linear fitting techniques. A minimum
fitting coefficient that has been used is more than or equal to 0.99. The conducting
mechanism of doped semiconductor could cross over from thermal activated to nearest-
nearest neighbor hopping (NNH) to a variable range hopping with decreasing temperature
[35]. First, the conductivity at room temperature has been fitted with eq. (2) in order to check
the possibility of thermal activation conduction. Second, conductivity above 80 K has been
fitted with hopping conductivity models. The third region has been determined by the mean
of best line fit with all previous models as it is further illustrated below.

¢ =C,eXp (' Eal/kBT) (2)

Fig. 6 shows an Arrhenius plot of pure and Cr doped indium oxide. All samples show typical
semiconductor behavior in the temperature range from 80 K to 300 K. Maximum fitting of
eq. (2) has been found nearly in the range 200-300 K. This indicates the electrical
conductivity in this range is dominated by thermal activated conduction band. The
temperature range, fitting coefficient R’ and thermal activated conduction band are shown in
Table 2. The thermal activated conduction band of thin films decreases when the Cr doping
increases. It is known that the conductivity of pure In,Os is originated from the coexistence
of interstitial indium atoms and oxygen vacancy. Interstitial indium acts as a shallow donor
while an oxygen vacancy helps the formation of carriers [29]. The doping of Cr may form a
deep impurity band in band gap which causes a shallow donor or an oxygen vacancy
decreases thus.reduces the thermal activation energy, E,. Similar behavior has been
observed in Mn doped Zno thin films [31].

For further investigation of the conductivity mechanism in the range 200-300 K, the effect of
grain-boundary on the transport properties is evaluated by calculating the Debye screening
length for n type semiconductor as follows [36]

e’N

k T 1/2
L, :[_8‘90 : w 3)
4

Where ¢ dielectric constant, g is the dielectric constant of vacuum and N, is donor
concentration from Hall effect measurement. If Lp is smaller than //2, where / is the grain



size, there is a potential barrier affects the passing electron across the grain boundary. The
calculated Lp is listed in Table 2. The Lp is smaller than //2 which means that the grain
boundary scatters the passing electron through it. The conductivity through grain boundary
barrier o is described by eq. (4) [33]

0, =CT"?exp(-E, /k;T) 4)

Where C is constant and £}, is the activated energy for grain boundary limited conductivity
K3 is the Boltzmann constant. The relation between lno, T "2 and 1/T has good linearity which
confirms the thermionic emission through grain boundary. The E, has been calculated from
the slope line and listed in Table 2.

The second region is determined after region I and region III have been estimated
with the benefit of the rule that thermal activated conduction band occurs at high temperature
while the variable range hopping conduction occurs-at low temperature [35]. The
conductivity in region II for samples with x=0.0-0.05 is most suitable to be described with
nearest-nearest hopping (NNH). This requirement of variable range hopping isn’t fulfilled
due to the small value of localize hope length in this region, £&<I nm. Also the NNH
mechanism occurs at relatively high temperature. The conductivity at high temperature can
be generally expressed by eq. (5). The NNH mechanism in the range 150-200 K was also
reported for SnO, film prepared by sol-gel spin coated method by [32].

¢ =Cg exp(— Eal/kB Region I )(' Eaz /kBT) (5)

The first part of the equation represents conductivity characterized by thermal activated
conduction band and the second part represent conductivity by hopping between nearest-
nearest neighbors [35]. The activated energy for NNH hopping is calculated from the second
part of eq. (5). Fig. 7a shows the relation between Inc and 1/T in the range of 130-200 K for
samples with x=0 -0.05. The temperature range and fitting coefficient are listed in Table 2. It
can be noticed that E,;>E,, because the first one E,; is the thermal excitation of electrons
from shallow donor to the conduction band while the E,; is thermal excitation within donor
level itself.

At lower temperature the number of free neighbor sites becomes too small and these
results in freezing out the NNH hopes which could lead to new hopping mechanism called
variable range hopping (VRH). The hopping arises between sites in vicinity of Fermi level
and it doesn’t have a constant distance like nearest-nearest neighbor hopping. If the density
state around the Fermi level is constant, there is a possibility to Mott VRH mechanism. On
the other hand if there is a gap at the Fermi level due to electron-electron interaction the
hopping mechanism is related to Efros—Shklovskii (ES) VRH [35].



The conductivity via Mott VRH mechanism is given by eq. (6)

_ 1/
O-VRHIMOff = O-OMOf[T v eXp(_]:)MOﬂ /T) ! (6)

For thin film ¢ is supposed to equal 3 for two dimensions hopping while it can be 4 for three
dimensions hopping. oy s 18 given by eq. (7)[37].

_ 3¢y (WEF) ) -

Oomorr = (872')1/2 kB

And Ty Mot 1S as follows

18
T, =—— 5 8
0 Mott kB§3N(EF) ( )

Where 6 ¢ Mot 1S hopping conductivity, v is phonon length, Ty wmot is characterized temperature
depends on the density state on Fermi level N(Er) and § is localization length

For sample with x=0.075, ‘it is interestingly found that it has best fitting and satisfy the
conditions of Mott VRH for region II in the range 135-210 K. Fig. 7b show the relation
between Lno T"? and T3 is linear with fitness coefficient R,=0.9979.The parameters of
Mott variable hopping are given Table 3.

In order to verify the hopping condition, the hopping distance R 5, mon and hopping energy 4
hop Mou has been calculated according to the eq. (9) and (10) [37].

3
RhOPMott /é‘: = g(TOMott /T)1/4 (9)
1
Biopsiy = 5 Ko oo /T) (10)

It can be noticed that the localize length & oy is in the order of nm and the ratio of hopping
distance to localize length, Ryop amow/S mor>1 nm. This condition is satisfying the hopping
condition of the system [38].



At lower temperature, in the range 85-130 K, the conducting mechanism for all samples is
found to follow VRH ES, Fig. 8. The conductivity in VRH ES model is given by eq. (11)[39].

Ovrirps = OopsT exp(— TOES/T)I/Z (11)
Where Ty s is given by
2.8¢
== 12
0ES kB§€ ( )

Where Ty gs is characteristic temperature and ¢ yry gs hopping conductivity. The hopping
parameters are listed in Table 4. The hopping distance Ry, £s and hopping energy A, s are
calculated from the eq. (13) and (14) [39].

1
Rigs /6 =7 T /T) (13)
1
By s = HaT T/ T)" (14)

The localize length ¢ is in the order of nm while Ry, g5 /& £s >1. These conditions are fulfilled
the hopping conditions [38]. The increment of Cr concentration in In,Os system reduces the
hopping energy but increases the hopping distance and localize length, which result in
reducing the hopping conductivity and characteristic temperature 7, gs. The VRH ES
mechanism has been also observed at low temperature T<100K for SnO, thin film prepared
by sol-gel spin coating method [32].

3.5. Optical properties of Cr doped In;0;

The optical transmission of undoped and chromium doped indium oxide is shown in Fig. 9a.
The transmission is over 90% for all samples. Since the samples have different thickness, the
absorption coefficient versus wavelength has been plotted in order makes a better optical
properties comparison between the sample (Fig. 9b). It can be observed that the absorption
above 560 nm decreases with the increment of Cr dopant up to x=0.05 then decreases for
x=0.075. Table 5 presents a comparison between current results with other transparent thin
film systems such as Al doped ZnO (AZO), Ga doped ZnO (GZO) and Sn doped In,O;



(ITO). It shows that our film with x=0.05 has highest transmission over all films and
resistivity lower than GZO film however it has higher resistivity than ITO and AZO.

The relation between absorption coefficient and energy band gap can be given by.the
following eq. (14),

(anv) =(hv-E,) (15)

Where a is the absorption coefficient, hv is the photon energy, and Ey is the energy band gap.

n is a constant equal to 2, 2/3, 1/2, 1/3 for allowed direct, forbidden indirect, allowed indirect,
forbidden indirect transitions, respectively. Band gap was estimated from the relation

between (ahv)2 vs hv, see Fig. 10. This relation is parabolic curve and band gap was
estimated by extrapolation straight line to the linear part to intersect 4v axis at £, value. In
our calculation, n was fixed to 2 because the extrapolation line has maximum fitness with
curves at n equal 2.

The band gap for pure sample is 3.76 e¢V. This result was also reported by [43] for
(222) oriented indium oxide thin film deposited on MgO (100) substrate by metal organic
chemical vapour deposition (MOCVD).. The band gaps of In,«CryO3 films have a little
change for low dopant x<0.075, however it increases at maximum Cr concentration, x=0.15,
as summarized in Table. 1. The electrical measurement indicates that Cr dopant doesn’t
provide carrier (electrons) in InyOs but decrease the carrier concentration gradually. So the
widening of band gap doesn’t follow Burstein—Moss (BM) shift for doped semiconductors
associated with the increment of carrier concentration. This is in good agreement with a
report in the literature. Caricato et al. have reported that the low Cr concentration in ITO
narrows the band gap, however for high Cr concentration, the band gap is widening [44].
The doping of Cr at a high concentration could lead to disorder in crystal symmetry by
shrinking the lattice parameters which leads to the reconstruction of band structure, thus
widen the band gap (the relation between lattice parameter, ¢ and band gap vs Cr
concentrations is shown in Fig.11). On the other hand the relations between carrier
concentration and band gap values is consistent with results reported for Cr-doped indium
oxide prepared on Si substrate by rf sputtering at room temperature [20]. The carrier
concentrations of annealed films are 7.8 x 10°° cm™ and the band gap value is 3.63 eV. After
heat treatment the carrier concentration is 2.0 x 10% cm™ and energy gap is 3.89 eV [20].

4. Conclusion

High quality In,O; and Cr-doped InyO; (InyxCrxOs) nanocrystals thin films have been
prepared by a simple sol-gel method followed spin coating technique. All films have single
phase InyO; structure and no traces of secondary phase related to Cr or its compound has
been detected. The lattice parameter, of In,O3 system increased at lowest dopants (x=0.025)
and decreases with the increment of dopants. In,O3 has 92% transmittance with resistivity,



mobility and band gap of 0.29 cm, 2.1 Cm*V™'S™ and 3.76 eV, respectively. The optical
transmittance increased with the increment of Cr doping concentration up to 98% for x=0.05.
The Cr dopant strongly affects the microstructure of In,O3 system. The sample’s surface has
spherical agglomerated particle at x=0.025-0.05. For samples with x>0.075 the films surfaces
become porous which increased with further doping. At x=0.15 the grains connect to each
and form flower like microstructure. The root mean square roughness ranges from 1.755 nm
for sample with x=0.025 to 7 nm for sample with x=0.15 and it is varied with dependence to
the agglomeration of grains and porosity of the sample’s surface. The band gap values show
little change at low Cr concentration x<0.075 and increased at x=0.15. The grain boundary
affected the conduction in the range 300-200 K and its thermionic emission energy decreased
with the increment of Cr dopant. The electrical conduction in the range 210-140 K was
characteristic by nearest-nearest hopping conduction at x=00-0.05 and by’ Mott variable
hopping at x=0.075. Efros—Shklovskii variable range hopping is found to dominant in the
range 85-130 K for all samples. In,O3 and Cr doped In,O3 compound can be used as sensors
and in transparent oxide applications.
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Table 1

Lattice parameter, relative reliability of lattice parameter R/R, crystal size, root mean square
roughness, film thickness and band gap

Chromium Lattice R/Ry Crystal Root mean | Thickness Band
concentrations | parameter size(nm) square (nm) gap(eV)
(A) roughness(nm)
x=0 10.108 1.2 12.1 2 93.4 3.76
x=0.025 10.109 1.3 133 1.7 87.84 3.75
x=0.05 10.0984 1.2 12 32 84.8 3.76
x=0.075 10.0971 1.2 12.6 2.6 104.97 3.76
x=0.15 10.0778 1.3 13 7 100.5 3.79

R/Ry is the relative reliability of lattice parameter of simulation fitting of XRD pattern. For perfect fitting R/Ry is
1.



Table 2

Thermal activation conduction band Ea,, Temperature range, fitting coefficient R?, Thermionic emission via
grain boundary E, and Thermal activated hopping Ea, of thin films

Thermal activated conduction

Thermionic emission via grain

Thermal activated hopping

band boundary

Temperature Thermal Lp(nm) | Ng(em™) Ey(meV | Temperature Ep(me

range/fitting Activatio ) range/fitting R? V)

coefficient, R n energy

E,i(meV)

X=0 300-210K/0.9995 | 66.8 1.15 9.7010" | 77 140-210K/0.9953 | 38
X=0.025 | 300-195K/0.9978 | 43.8 1.52 55010 [ 536 135-190K/0.9968 | 28
X=0.05 300-215K/0.9991 | 41 2.6 19010 | 514 130-210K/0.995 26.3
X=0.075 | 300-220K/0.9967 | 35 3 1.4010" [ 458




Table 3

Temperature range, fitting coef., Characteristic temperature Ty Mott, hopping conductivity 60 mott, localize
hopping & mott, density state N(Eg), hopping distance R hop mott, hopping energy A hop and R hop/ & Mott Of
thin film with x=0.075

Temp. Range | Tomon (K) | 60 mot (€ | Emor (nm) | N(Eg) Rpopmott | Ahop(meV) | R hop/
/Linear fitting Lem™) (eVem™) (nm) EMott

R2

135- 1075037 | 492.7 1.86 301 10" 6.4 29 3.45
210K/0.9979




Table 4

Temp. Range | Ty gs(K) O0Es (& | & go(nm) R 4op Es | A hop(m | R hop/ &
/Linear fitting Lem™) (nm) eV) Es
coefficient, R
x=00 85-135K/0.9903 3844 2981 1.35 2.2 25 1.63
x=0.025 85-130K/0.9945 3226 1339 1.6 2.4 23 1.5
x=0.05 85-130K/0.9929 3080 1096 1.7 2.5 22 1.46
x=0.075 80-135K/0.9943 1722 403 3 33 17 1.1

Temperature range, linear fitting coefficient R, characteristic temperature Ty gs, hopping conductivity 6 ogs,
localize hopping & gs, distance hopping R 1, ks, hopping energy A hop and R yop gs/ § &s




Table 5

The electrical and transmission properties comparison between current study with AZO, GZO and ITO

TCO Thin Resistivity Carrier mobility Transmission at | Ref.
film (Q.Cm), concentration 800 nm
Cm>
In,0; 0.29, 98110" 2.16 93 Current
In; 05Cro0s05 | 3.5 19010"% 1.43 98 Current
AZO (Al12%) | ~0.2 910" 12 ~85 [40]
GZO (Ga ~200 - - ~91 [41]
2%)
ITO ~0.013-0.006 | ~(1.4-1.8) [1 | ~3.1-6 ~92-94 [42]
1020

Note: Samples from ref [40 — 42] were prepared using a sol-gel method and annealed at 500°C
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High quality In,O3; and Cr-doped In,O3 (In;xCryO3) nanocrystals thin films have been
prepared by a simple sol-gel method followed spin coating method.

The optical transmittance of films increased up to 98 % for x=0.05 and decreased for
further Cr concentrations.

The pure In,O3 has good conductivity compared with previous reports and decreased
with increasing Cr dopant.

The effect of Cr concentrations on conducting mechanisms of In,O; film has been
investigated from 80-300 K using thermal activated conduction band and hoping
models.

Three different conducting mechanisms has been estimated and it was_found that all
electrical parameters calculated using thermal activation conduction and hoping
model change with the Cr concentrations.



