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Abstract Indium tin oxide (ITO) is recognized as the best

transparent and conductive material [transparent conduct-

ing oxide (TCO)] until now and its properties are depen-

dent on the preparation method. In the present work ITO

films with In:Sn atomic ratio 9:1 were prepared by a sol–

gel route on different substrates (microscope glass slides,

microscope glass covered with one layer of SiO2 and Si

wafers) for TCO applications. The multilayer ITO films

were obtained by successive deposition by the dip-coating

method and the films were characterized from the struc-

tural, morphological, optical, and electrical points of view

using X-ray diffraction, scanning electron microscopy,

atomic force microscopy, spectroscopic ellipsometry and

by Hall effect measurements, respectively. The results

showed that the thickness, optical constants and carrier

numbers depend strongly on the type of substrate, number

of deposited layers and sol concentration. The optical

properties of ITO films are closely related to their electrical

properties. The enhancement of the conductivity was pos-

sible with the increase of crystallite size (which occurred

after thermal treatment) and with the reduction of surface

roughness.

Keywords ITO film � Sol–gel process � Microstructure,

optical and electrical properties

1 Introduction

Indium tin oxide (ITO) is an important material as it is one

of the most widely used transparent conducting oxides

(TCOs) required as a component in photovoltaic cells [1,

2], electroluminescent devices [3], transparent electrodes in

plasma display panels [4], sensor modules [5], protective

coatings [6] and so on.

Properties required for TCOs are low resistivity (as

1.0 9 10-4 X cm), conductivities higher than 103 S/cm,

low extinction coefficient k in the optical visible (Vis)

spectral range, wide band gap (Eg [ 3.0 eV) that ensure

the transparence in visible range and optical transmittance

higher than 80 %.

In order to ensure the required properties of the trans-

parent conductive oxides, several methods of preparation

were used, such as: sputtering [7–15], spray pyrolysis [16–

18], screen printing [19, 20], ion beam assisted deposition

[21, 22], microwave [23], evaporation [15, 24, 25] and sol–

gel [26–33]. More recently, ITO nanocrystals have been

synthesized by hydrothermal process followed by anneal-

ing at 450 �C in forming gas for 1 h [34]. The post den-

sification reducing thermal treatment in forming gas was

performed to decrease the resistivity of the ITO films by a

factor of two [19, 34].

The sol–gel method presents some interesting advanta-

ges over other methods of coatings deposition, such as:

easy control of the final materials, the possibility of

deposition on complex shaped substrates, easy control of

doping concentration, structural homogeneity, low tem-

perature of thermal treatment of films, as well as the low

cost equipments.

In the present work indium thin oxide transparent films

with In:Sn atomic ratio of 9:1 were deposited by a sol–gel

route on several substrates: microscope glass, microscope
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glass covered with one layer of SiO2 (prepared also by sol–

gel method) and Si wafers.

The interest to study the influence of the substrate on the

ITO films properties is important for their application as

solar cells but also for their newer applications as sensors

or protective coatings [5, 6].

The ITO films obtained by sol–gel method were char-

acterized from the morphological, optical, and electrical

points of view and the results showed that all physical

properties depend strongly on the type of the substrate,

solution concentration and number of layers.

2 Experimental

2.1 Solution preparation and film deposition

ITO films with In:Sn atomic ratio 9:1 were prepared as

follows: indium nitrate was used as In2O3 source, 2 tin

ethylhexanoate as SnO2 source and 2,4-pentanedione as

chelating agent, in ethanol solvent.

The composition of the initial solution and the experi-

mental conditions for obtaining sol–gel ITO films are based

on the previous published results [27, 29]. Solutions with

0.1 and 0.25 M concentrations were investigated (denoted

from here on as 0.1 and 0.25 M ITO). The following molar

ratio of the reagents were used: In:Sn = 9:1 and In:

EtOH:2,4-pentanedione = 1:35:0.05 for 0.1 M and In:

EtOH:2,4-pentanedione = 1:14:0.05 for 0.25 M solutions.

1. Before deposition the viscosity of the solutions was

measured with the Brookfield Viscometer DV-

II ? Pro equipment at room temperature in 8 ml of

solution. As expected, the viscosities of solutions show

higher values when their concentration is higher (1.37

for the 0.1 M ITO sol and 1.47 for the 0.25 M ITO

sol).

2. From the solution prepared as presented above, films

were deposited on glass, glass covered with SiO2 layer

(prepared by sol–gel) and Si wafer substrate by dip-

coating method with a withdrawal rate of 5 cm/min.

Before deposition, the solutions were aged for 24 h.

For multiple depositions, after each deposition an

intermediary thermal treatment of densification at

260 �C for 10 min, using a heating rate of 5 �C/min,

was used. After the last deposition the films were

thermally treated at 400 �C for 2 h in air, using a

heating rate of 5 �C/min.

2.2 Film characterization

The crystallinity of the sol–gel ITO films was studied by

X-ray diffraction (XRD) method. The measurements were

performed using Rigaku Ultima IV equipment, with Cu Ka
radiation and a fixed power source (40 kV and 30 mA).

The diffractometer was set in condition of grazing incident

X-ray diffraction (GIXRD) with x = 0.5�. The mean

crystallite size was evaluated from the line broadening of

(222) XRD line of ITO thin films using Scherrer’s equa-

tion: D = 0.94k/bcosh, where k = 1.54 Å is the X-ray

(CuKa) wavelength, h the diffraction angle, b the full width

at half maximum of the (222) diffraction line and 0.94 is

the Scherrer constant.

Systematic information on the ITO films morphology

and thickness was obtained by scanning electron micros-

copy (SEM) analysis using a FEI Quanta 3D microscope

operating at 5 kV.

Atomic force microscopy (AFM) measurements were

carried in the non-contact mode, with a XE-100 apparatus

from Park Systems, using sharp tips (highly doped-Si

material, \8 nm tip radius; PPP-NCHR type from Nano-

sensorsTM). The topographical 2D and 3D AFM images

were taken over the area of 2 9 2 lm2; for displaying

purpose and subsequent statistical data analysis [including

the calculation of the root mean square (RMS) roughness]

XEI (v.1.8.0) Image Processing Program developed by

Park Systems was used.

Ellipsometric measurements were performed in order to

obtain the thickness and optical (dielectric) constants with

J.A. Woollam Co., Inc equipment composed of a rotating-

analyzer VASE ellipsometer for UV–VIS–NIR range.

Measurements have been performed at room temperature,

using 70� as incidence angle with 10 nm wavelength step.

The film thickness and the refractive index (n) were

obtained from the ellipsometric data analysis with an

accuracy of ±0.2 nm and ±0.005 respectively. The optical

transmission measurements were performed at 0� incidence

angle on the same apparatus.

Electrical measurements based on Hall effect, were

performed on a HMS-5000 equipment from Ecopia using

van der Pauw method.

3 Results and discussion

In the experimental conditions presented above, films up to

ten layers could be obtained using the solution with 0.1 M

concentration, while only five layers could be deposited in

the case of the solution with 0.25 M concentration, because

it gellified due to its higher viscosity.

The different substrates used for films deposition were

selected taking into account the application of the consid-

ered films, such as: solar cell [1–4] sensors [5] or protective

coatings [6].

The SEM images of the films obtained from 0.1 to

0.25 M sol concentrations and after ten and five layers,
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respectively, are presented in Figs. 1 and 2 in comparison

with AFM images at the same scale. The sol concentration

has an important effect on the film microstructure: the

higher viscosity leads to coarser features, including

roughness and pore size, confirmed by the AFM line pro-

files (Figs. 1, 2).

The thicknesses of the ITO films were determined by

SEM measurements of the films seen edge-on (Fig. 3). The

measured thicknesses of the 0.25 M ITO films deposited on

glass, SiO2/glass and Si substrates are: 65 ± 15, 200 ± 20

and 90 ± 10 nm, respectively. The SiO2 layer deposited on

glass can also be observed in the SEM micrograph in

Fig. 3, with a thickness of 50 ± 5 nm. The local variations

of thickness are due to the roughness of the films. The ITO

film deposited on Si shows the smoothest surface and also

the smallest variation in thickness along the film, while the

thickest film with the roughest surface have been observed

for the film deposited on the SiO2/glass substrate. The film

deposited on glass is the thinnest but its roughness is close

to the films deposited on SiO2/glass substrates.

Figure 4 shows SEM micrographs of the edge of two

ITO films deposited on SiO2/glass substrate: 0.1 M ITO

with ten layers and 0.25 M ITO with five layers. The sol

concentration clearly has a strong influence on the thick-

ness. For the 0.1 M ITO sample, the film thickness is

barely distinguishable from the SiO2 film and it is not

higher than *20 nm, while it is *200 nm for 0.25 M ITO

film after five depositions. The presence of pores with sev-

eral hundreds nm diameter is also observed in the 0.25 M

ITO films after five depositions. The coarse porosity is

observed only for films with more than two layers, on the

samples prepared with sol concentration 0.25 M, especially

on the glass and SiO2/glass substrates.

Atomic force microscopy measurements revealed the

effect of the overall RMS roughness of layer deposition for

the 0.25 M ITO films (Fig. 5), showing the effect of the

formation of coarser features on the film surface. The RMS

roughness increases with the number of depositions almost

linearly for 1–5 layers on Si substrate and changes abruptly

for SiO2/glass and glass substrate (three times larger than

on Si substrate) after five layers deposition, due to the

formation of wider surface cavities (in the range of hun-

dreds nm diameter)—Fig. 5. The roughness of the bare

substrates is similar for Si and SiO2/glass (even \1 nm at

2 9 2 nm2) and *2 nm (at 2 9 2 nm2) for the glass

explaining the slightly higher roughness values obtained

Fig. 1 SEM–AFM comparison for the 0.1 M ITO films with ten layers on glass, SiO2/glass and Si; last row characteristic line-profiles taken

from AFM images with vertical scale of few nm

J Sol-Gel Sci Technol (2014) 71:303–312 305

123



after deposition of 1–2 layers of 0.25 M ITO on glass

substrate—Fig. 5. On the other hand, the large pores

formed after five layers deposition on Si are flattened

(around 10 nm deep) as compared to the superficial pores

formed on glass (*20–25 nm deep) or SiO2/glass

(*25–30 nm deep) substrates—Fig. 2—and could explain

the roughness behavior observed in Fig. 5 for multilayered

0.25 M ITO films.

The structural characterization of the nanocrystalline

ITO films demonstrates that an important parameter during

film synthesis is the concentration (and viscosity) of the

solution. Low concentration of 0.1 M ITO results in films

Fig. 2 SEM–AFM comparison for the 0.25 M ITO films with five layers on glass, SiO2/glass and Si; last row characteristic line-profiles taken

from AFM images with vertical scale of few tens of nm

Fig. 3 SEM micrographs of the edge of the 0.25 M ITO films with five layers on glass, SiO2/glass and Si
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with similar thicknesses after ten layers deposition

(Table 1) between 22 and 31 nm and reduced roughness

(line profiles with vertical scale of ±2 nm, Fig. 1), for all

three substrates. This shows a small effect of the substrate

on the successive densification of each 0.1 M ITO layer

during thermal treatments. Good wetting of the substrate by

the solution leads to the formation of a homogeneous,

continuous layer after the first few depositions and thermal

treatments.

We can estimate, from XRD measurements (presented

further), that the thicknesses of the ten layers 0.1 M ITO

films approximates the size of three ITO crystallites for

glass and Si substrates, and *3.7 for SiO2/glass. The last

mentioned substrate induced the thickest films because it is

the most reactive one due to the presence of SiO2 sol–gel

layer.

A concentration of 0.25 M ITO leads to significantly

thicker films and the formation of coarse porosity. The

higher viscosity of the solution hinders the formation of a

continuous, homogeneous layer during the first deposition

and can promote film growth in the direction perpendicular

to the substrate surface, leading to the formation of thicker

films and coarser pores.

We can conclude that perpendicular growth of the

0.25 M ITO films after five layers deposition depends

significantly on the reactivity of the substrate with the

solution: it is significantly lower-around 80 ± 15 nm—on

highly stable, dense, non-reactive surfaces, such as those of

glass and Si, than in the case of SiO2/glass substrate—

200 ± 20 nm—(Fig. 3).

Fig. 4 SEM micrographs of the edge of the ITO films deposited on SiO2/glass (0.1 M with ten layers and 0.25 M with five layers)
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Fig. 5 Roughness dependence on the number of layers for the films

prepared from 0.25 M sol concentration (at the scale of 2 9 2 lm2)

Table 1 Electrical parameters: carrier concentration-ND, resistivity-q, mobility-l, determined by Hall measurements function of molar ITO

concentration and the number of layers together with the thicknesses (dfilm) of ITO films determined by SE measurements

Substrate Molar concentration

of ITO sol (M)

Number of

layers

ND (cm-3) q (X cm) l (cm2/Vs) dfilm (nm) SE dfilm (nm) SEM

Glass 0.1 10 1.20 9 1020 8.74 9 10-2 0.6 22.1 –

0.25 5 4.03 9 1017 5.75 9 10 0.3 78.5 65

SiO2/glass 0.1 10 3.95 9 1020 7.81 9 10-2 0.2 31.1 –

0.25 5 7.50 9 1015 1.65 9 102 5.1 205.4 200

Si 0.1 10 4.32 9 1019 2.98 9 10-1 0.5 27.3 –

0.25 5 3.17 9 1018 4.75 9 10-1 4.1 92.1 90
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Fig. 6 High resolution SEM micrographs of the surface of the 0.1 M ITO films deposited on SiO2/glass: with two layers (left) and ten layers

(right), shown at higher magnification in the inset. The black spots on the micrographs are pores

Fig. 7 X-ray diffraction patterns of 0.1 M ITO films on the following substrates: a SiO2/glass, b glass and c Si(100) (asterisk peaks from

metallic In used as electrode contacts for electrical measurements)
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Multiple layers deposition has a high contribution in the

reduction of pore size. The high resolution SEM micro-

graphs (Fig. 6) show the effect of multiple layers deposi-

tion in the nanoscale intrinsic porosity of the 0.1 M ITO

samples on SiO2/glass, after two and ten layers. There is a

clear reduction of the pore size at the nanoscale. For films

with two layers, pore sizes of 20–30 nm are observed,

while for films with ten layers only much smaller pores are

visible (between 5 and 10 nm), as it is shown in the inset of

Fig. 6. The same effect of additional layers deposition on

nanoscale porosity has been observed on all studied sub-

strates. We attribute the reduction in pore size to their

filling with solution by subsequent depositions and to the

densification of the films during thermal treatments carried

out after each deposition. The reduction in porosity seems

to be associated to the observed increase of carrier con-

centration and lower resistivity after multiple depositions,

discussed below.

X-ray diffraction results are presented in Fig. 7 for

0.1 M ITO and Fig. 8 for 0.25 M ITO films annealed at

400 �C. They are polycrystalline and have monophasic

cubic bixbyite structure [35] as can be assigned from ICDD

file no. 01-089-4596. Diffraction lines are more or less

intense following the crystallization degree of the sample

when compared to bixbyite structure. The film exhibits the

reflection from the (222) plane as the most predominant

peak in the XRD pattern, but no preferred orientation can

be noticed. None of the patterns present any characteristic

lines of tin oxides phases, which indicates that the tetra-

valent Sn4? replaces In3? substitutionally into the indium

oxide lattice, retaining the In2O3 structure. For 0.1 M ITO

films deposited on all substrates the XRD patterns show a

similar intensity of the diffraction lines indicating a close

degree of crystallinity.

For the above-mentioned films, the substrate influences

the crystallite size and the unit cell parameters of the

crystal structures. The crystallite size values are

9.7 ± 3.3 nm for the films deposited on glass,

10.6 ± 0.3 nm for the films deposited on SiO2/glass, and

9.3 ± 0.3 nm for the films on Si(100). The lattice constant,

a, of the cubic structure is 10.0788 ± 0.0005 Å for crystals

grown on glass, 10.1068 ± 0.0003 Å for crystals grown on

SiO2/glass and 10.0925 ± 0.0002 Å crystals grown on

Si(100).

A vitreous material is not completely random. There are

atoms organized in isolated structures where the inter-

atomic distances are approximately constant [36]. This

short distance ordering is detected as a single or few broad

‘‘diffusion lines’’ on the diffraction pattern. These lines

correspond to the interference of atoms positioned more

often at the representative distance, d [37].

On the thin films starting from 0.25 M solution, the

X-rays diffraction lines have low intensities, even after five

depositions and subsequent thermal treatment and only a

broad line corresponding to the (222) plane of the ITO

structure can be noticed. The degree of crystallinity is

lower when compared to the samples starting from 0.1 M

ITO solution because the 0.25 M ITO solution is leading to

the formation of thick films that require a longer time to

remove the solvent. The removal of the solvent retards the

crystallization of the films, and therefore the ITO 0.25 M

films are not well-crystallized.

The optical properties of the films were studied by

spectroscopic ellipsometry in the 350–800 nm spectral

range. The ellipsometric measurements were fitted with

three layer model: surface roughness layer/ITO film/sub-

strate. The roughness layer was modelled by EMA (50 %

voids ? 50 % ITO film) and the ITO film was fitted with a

Cauchy model in the transparency region to find out the

thicknesses of the film and of SiO2 layer between the

substrate and film (in the cases of Si and SiO2/glass

substrates).

From the best fit the thickness layers were obtained

(see also Table 1). The thickness of SiO2 buffer layer,

measured on a bare substrate without film was 45.6 nm, a

value in good agreement with SiO2 layer measured by

SEM. It can be observed that the thickness of the ITO

films:

• increases with the sol concentration of ITO. The

thicknesses of the 0.25 M ITO five layers films on all

three substrates are higher than that of 0.1 M ITO ten

layers films. This is very important information for the

conductivity measurement.

Fig. 8 X-ray diffraction patterns of 0.25 M ITO films deposited on

SiO2/glass, Si(100) and glass substrates
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• depends on the substrate; when SiO2 buffer layer is

present the ITO films are thicker.

The deposition number has a smaller effect on ITO films

thickness in the case of diluted solution (0.1 M). This can

be related to the film densification that occurs as a result of

the thermal annealing after each deposition. Accordingly,

each additional deposition causes mainly a decrease in the

porosity of the ITO film rather than a significant increase of

the thickness.

The refractive index dispersia (n) for all samples were

determined from the best ellipsometric fit (Fig. 9).

For both substrates and solution concentrations refrac-

tive index increases with the number of layers and depends

on the ITO molar concentration and substrate. All samples

exhibit a very weak absorption (the extinction coefficient is

practically zero) from visible to near-IR range.

With increasing of refractive index, reflection losses

increases and transparency decreases. For transparent films

with refractive indices varying between *1.6 and 2.2, the

reflection losses at normal incidence on the films is of the

order of *5–14 %, so the transmission lowers from 90 to

76 %. For solar cell application we tried to obtain films

with high transmission values, thus means small refractive

index. To this end the sol–gel method is a suitable one,

because we can model the proprieties of the films (e.g.,

refractive index) changing the ITO molar concentration,

number of layers or the substrate type. Moreover the sol–

gel method is known to produce films with lower refractive

indices than other methods due to the intrinsic porosity of

the films associated with this technique.

The transmission of ITO sol–gel films was measured by

ellipsometry in the range of 250–800 nm (Fig. 10) and it

was found that all values are over 90 % for one layer films on

both substrates (glass and SiO2/glass) and decrease until

80 % for ten layers 0.1 M ITO films, respectively five layers

0.25 M ITO films, due to the reasons discussed above.

On the other hand a good conductivity can not be

obtained for films with low number of layers, because it is

not possible to obtain a high enough carrier concentration

(ND) and low enough resistivity (q). We attribute this effect

to the high porosity of the films obtained after only 1–2

layers deposition. Thus we have focused on the study of the

electrical properties for samples with ten (0.1 M ITO) and

five (0.25 M ITO) layers (see Table 1). The concentration

of the sol from which the samples are deposited has also

significant influence. Lower sol concentration leads to the

diminishing of the resistivity, independent of the substrate

type. The most promising results were obtained for films

with ten layers obtained from solution of 0.1 M concen-

tration, deposited on glass and SiO2/glass. These samples

exhibited high carrier concentration and relatively low

resistivity, but also a high recombination rate. It is very

clear that the number of layers plays a crucial role both in

transmission and in the electrical parameters.
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Fig. 9 Refractive index (n) dispersion of ITO films deposited on Si, glass and SiO2/glass from 0.1 M (first row) and, respectively, 0.25 M

(second row) sol concentrations (as dep as deposited, TT thermally treated, 1–10 the number of layers)
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Hall measurements were carried out for 0.1 M ITO sol–

gel films with ten layers. The samples that gave the most

promising results at room temperature (concentration

0.1 M, ten layers, glass and SiO2 covered glass) were also

measured at variable temperature between 110 and

350 K—Fig. 11.

Both samples exhibited typical semiconductor behavior

where resistivity decreased with increasing temperature.

For the sample deposited on SiO2 covered glass substrate,

carrier concentration was generally flat over the tempera-

ture range used. There is also evidence of background noise

especially at lower temperatures. The sample deposited on

glass registers a slight increase in both carrier concentra-

tion and mobility with temperature.

A decrease in resistivity takes place between 280 and

300 K, dominated by the sudden increase in carrier
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Fig. 10 Transmissions of the

ITO films: a 0.1 M ITO/glass;

b 0.1 M ITO/SiO2/glass;
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concentration. At high temperature, the thermally gener-

ated intrinsic carriers outnumber the dopants and carrier

concentration increases with temperature.

The larger crystallites may enhance the conductivity of

ITO films due to fewer grain boundaries [38].

4 Conclusions

Continuous and homogeneous films were deposited on

three different substrates (glass, SiO2/glass and silicon) by

dip-coating method from of 0.1 and 0.25 M sol concen-

trations. The influence of solution concentrations, number

of layers and type of substrate on the structural, morpho-

logical, optical and electrical properties of the ITO films

was studied by XRD, SEM, AFM, SE, optical transmission

and electrical measurements. ITO structure was found on

all studied films, but with different degrees of crystallinity,

function of the number of depositions (which in its turn is

correlated with the number of thermal treatments) and sol

concentration. The smoothest surface with the smallest

variation in thickness along the film was observed on Si

substrate, while the SiO2/glass substrate results in the

roughest film surface. As general remark, the ITO films

obtained from 0.1 M solution with ten layers deposited on

glass and SiO2/glass present the best TCO characteristics,

namely transmission around 90 % and the carrier concen-

tration around 1020 cm-3. The results of these experiments

demonstrated the possibility to select a suitable substrate,

sol-concentration and number of layers deposition for a

certain application.
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