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Abstract The aim of this paper is the replacing of the

expensive sputtering method with the low cost sol–gel one

in TCO applications. To this end two sets of indium tin

oxide (ITO) thin films are compared and discussed in this

paper: one obtained by r.f. sputtering and one by the sol–gel

technique and dip-coating. For each of these sets of sam-

ples, a series of deposition parameters have been varied in

an effort to obtain the most promising optical and electrical

properties. Comparative structural, morphological and

opto-electrical characterization of sol–gel and sputtered

ITO-based films was performed by X-ray diffraction,

Scanning electron microscopy, Atomic force microscopy,

Spectroellipsometry, UV–VIS Spectroscopy and Hall

Effect measurements in order to establish whether the

chemical deposition method could lead to thin films with

competitive properties as those obtained through the phys-

ical method. Comparable, high transmittance (85–90 %) in

the VIS–NIR range (250–1050 nm) and carrier concentra-

tion values (1020–1021 cm-3) were obtained between sput-

tered and sol–gel ITO films. The sputtered ITO film in 75 %

N2, annealed at 500 �C and the sol–gel 0.1 M ITO film with

10 layers deposited on SiO2/glass exhibit degenerate

semiconductor behavior.

1 Introduction

Indium tin oxide (ITO) is the most well-known and utilized

transparent conductive oxide (TCO), but also, the most

expensive. Its special properties (high transmission above

90 %, low resistivity, n-type degenerate semiconductor

behavior and wide direct band gap of *3.6 eV) [1] make it

suitable for a number of applications, such as elec-

trochromic devices, liquid crystal displays, plasma displays

and solar cells [2–6].

Multiple techniques have been used to fabricate ITO

films, such as electron beam evaporation [7], chemical

vapor deposition [8], pulsed laser deposition [9, 10], etc.

Among all, r.f. sputtering [11–13] is employed, despite its

high cost because of the quality of the resulting samples.

Therefore it is challenging to develop low-cost TCO-

based films, prepared by wet chemical methods (sol–gel

[14], spray pyrolysis deposition [15, 16]) for photovoltaic

devices on glass substrate, as well as to improve the

energy conversion efficiency of these cells by post-crys-

tallization treatments. The sol–gel method [17] is a ver-

satile alternative to the sputtering technique, with an

easier setup and a lower temperature budget. The great

advantage of the sol–gel method is the possibility to cover

large surfaces (such as windows) with uniform, nanosized

films.

The aim of this work was to establish whether a

chemical deposition method (sol–gel) could lead to thin

films with competitive opto-electrical properties as those

obtained through a physical method (r.f. sputtering).
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2 Experimental

2.1 Film preparation

In this paper two types of ITO films deposited by a physical

(r.f. sputtering) method in comparison with a chemical one

(sol–gel) were studied.

The sputtered ITO thin films were deposited from an

indium-tin-oxide (In2O3:SnO2 = 8:2) target in 100 % N2 or

alternatively in a mixture of Ar and N2 plasma (75 % N2–

25 % Ar) on fused silica. After deposition, the films were

thermally treated by RTA for 1 min at 400, 500 and 600 �C.

By studying the influence of the deposition atmosphere and

annealing temperature on the structural, morphological and

opto-electrical properties of the sputtered ITO films, the

most promising sample in the series was identified [11].

The sol–gel ITO films were prepared on glass, and SiO2

covered glass (further noted as SiO2/glass), based on previous

published results [18]. Solutions with 0.1 and 0.25 M con-

centrations were investigated (denoted from here on as 0.1 and

0.25 M ITO). At a withdrawal rate of 5 cm/min, films with

1–10 layers could be obtained from the 0.1 M solution, while

only 1–5 layers were deposited from the 0.25 M solution due

to its higher viscosity that leads to faster gelation. The vis-

cosity of the 0.1 and 0.25 M solution was 1.37 and 1.47

respectively, as determined by a Brookfield Viscosimeter DV-

II?Pro at room temperature in 8 mL solution.

Consolidation treatment (260 �C–10 min) was applied

to the films after each deposited layer while a final

annealing (400 �C–2 h) was applied after the last deposi-

tion. By studying the influence of the solution concentra-

tion, number of layers and substrate type on the structural,

morphological and opto-electrical properties of the sol–gel

ITO films, the most promising sample in the series was

identified and compared to its sputtered counterpart [18].

2.2 Film characterization

The structure of the thin films was determined by X-ray

diffraction, thin film method. The asymmetrical reflection

measurements were performed with an Ultima IV diffrac-

tometer (Rigaku Corp., Japan), equipped with parallel beam

optics and a thin film attachment, using Cu Ka radiation

(k = 1.5405 Å), operated at 30 mA and 40 kV, over the

range 15\ 2h\ 85�, at a scanning rate of 1�/min and at a

glancing angle (x = 0.5�) to determine both surface and

near-surface structures. The crystallite size was estimated by

the Scherrer equation from the broadening of the (222)

diffraction line of the ITO phase, using the formula, [19]:

D ¼ Kk
b cos h

ð1Þ

where D is the mean size of the ordered crystalline

domains, which may be smaller or equal to the grain size;

K = 0.94 is a dimensionless shape factor or Scherrer

constant; k is the X-ray wavelength; b is the line broad-

ening at half the maximum intensity (FWHM), in radians

and h is the Bragg angle. The lattice parameters,

a = b = c, of the ITO cubic structure were calculated from

the X-ray diffraction lines position of lattice plane reflec-

tions (hkl). In the cubic crystal structure, for (222), (440)

and (622) lattice plane distances, the lattice parameter

value was calculated from the formula [19]:

1

d2
¼ h2 þ k2 þ l2

a2
ð2Þ

Morphology and thickness of ITO films was obtained in

top view and tilted view scanning electron microscopy

(SEM) images, obtained using a FEI Quanta 3D micro-

scope operating at 5 kV.

Atomic force microscopy (AFM) measurements were

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

from Park Systems, using sharp tips. The topographical 3D

AFM images were taken over the area of 2 9 2 lm2. The

images were processed with XEI (v.1.8.0) Image Process-

ing Program developed by Park Systems regarding the tilt

correction and the evaluation of the root mean square

roughness and particle mean diameter.

Thickness (d) and the optical constants used to calculate the

porosity (P) of the films were obtained by ellipsometric

measurements with a J.A. Woollam Co. Inc. for UV–VIS–NIR

range. Measurements were performed at room temperature,

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

The transmission (T) of the films was obtained by UV–

VIS spectroscopy, with a Perkin Elmer—Lambda 35

apparatus in the 250–1050 nm spectral range. The optical

band gap (Eg) was obtained from the transmission spectra,

by first calculating the absorption coefficient, a, according

to the formula [20]:

a ¼ 1

d
ln

1

T

� �
ð3Þ

where d is the film thickness as determined by spectroel-

lipsometry and T is the transmittance of the film. Next, the

plot of (ahm)2 versus the photon energy hm was obtained,

using [20]:

ðahmÞ2 ¼ Aðhm� EgÞ ð4Þ

The Eg value was determined by the extrapolation method:

the photon energy at the point where (ahm)2 = 0 represents

Eg.

Electrical measurements based on the Hall effect, were

performed on an HMS-5000 equipment from Ecopia using

the van der Pauw method.
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3 Results and discussion

3.1 Correlation between sample crystallinity

and electrical properties

Indium oxide exists in two different crystallographic

structures (rhombohedral and cubic), but high electrical

conduction is normally achieved by the stabilization of the

cubic phase [21, 22]. This is due to the distribution of Sn

ions in the In2O3 lattice which lead to the formation of

complexes involving interstitial oxygen (2Sn�InO
00
i ) which,

when reduced, give 2 free electrons [23].

It was observed that the ITO sputtering films are

amorphous even after RTA as high as 500 �C, while the

sol–gel ITO films are crystalline (Fig. 1b, c). How-

ever, annealing the sputtered thin films at 600 �C leads to

crystalline, cubic structure (Fig. 1a).

a) The crystallinity of ITO films prepared by sputtering,

starting from oxide targets is influenced by the oxygen

partial pressure (pO2) which in turn affects the oxygen

content [24]. Crystallinity increases at higher pO2, reaches

a maximum value and then decreases with excess oxygen

in the discharge gas ([25 %) [25, 26]. The deposition

parameters, particularly the oxygen-free chamber atmo-

sphere, consisting of reactive gas (N2) mixed with inert gas

(Ar), as described in the experimental section, lead to the

obtaining of ITO films in amorphous state.

The crystallinity of ITO films deposited at low substrate

temperatures is correlated with the total pressure, Ptot in the

sputtering chamber. As the total pressure increases, the

kinetic energy of sputtered atoms decreases as a result of

the collision scattering. When the sputtered particles are

not energetic enough for the enhancement of the surface

migration, an amorphous structure of ITO films is obtained

[27]. A degradation in crystallinity of the films caused by

bombardment of high-energy particles will take place at

very low Ptot (8.9 9 10-3 Pa) [28].

The degree of crystallinity of the films and the deposition

rate decreased as the target-substrate distance decreased.

The substrate temperature influences the grain size of ITO

film sample, as the substrate temperature increases, the grain

size along the substrate surface increases [29].

According to ICDD file no. 01-089-4596, the sputtering

films annealed at 600 �C exhibit the reflections of the poly-

crystalline tin doped indium oxide, with no preferred orienta-

tion. No secondary phase of tin-based compounds was

detected, which indicates that the tin atoms are doped substi-

tutionally into the indium oxide lattice. The similar diffrac-

tograms of the films obtained in 75 and 100 % N2 suggest that

the influence of the RTA temperature on sputtered films

structure is stronger than that of the deposition atmosphere.

b) The ITO thin films deposited by dip coating starting

from the sol–gel solution are polycrystalline. The crystal-

lite size and the crystallinity of the samples are influenced

by the precursor solution concentration, the substrate

nature and the number of deposited layers. The films

deposited from the 0.25 M solution present a low crys-

tallinity degree and small crystallite size. The films

deposited from 0.1 M solution concentration exhibit a

higher level of crystallinity, which increases with the

number of layers and the afferent intermediate consoli-

dating thermal treatment.

The different substrates (glass and SiO2/glass) lead to

different crystal lattice mismatch between substrates and

ITO films which cause stress. In both cases, this is evi-

denced by the reduction in lattice plane spacing. Increasing

the number of layers, the lattice constants approach the

standard value (10.1234 Å—ICDD file no. 01-089-4596)

and a lattice relaxation takes place due to consolidation

thermal treatment after depositions. The influence of the
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Fig. 1 XRD diffractograms of

ITO sputtering films deposited

on fused silica and RTA at

600 �C in 75 % N2 and in

100 % N2 (a) in comparison

with the ITO sol–gel films TT at

400 �C and deposited on glass

(b) and SiO2/glass (c)
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substrate type on the crystallite size of the samples is

pronounced. As calculated by the Debye–Scherrer equation

for the (222) diffraction line (Table 1), the crystallite size

of the samples deposited on glass substrate is slightly

smaller (9.1 nm) than for SiO2/glass substrate (9.9 nm),

especially when starting from 0.1 M solution.

It is expected that the crystalline ordering should

directly affect the electrical properties of the films due to

the carrier mobility. Thus, a larger crystallite size implies a

smaller number of crystallites and, through this, a smaller

number of grain boundaries where potential scattering and

recombination may occur. This was not the case for the

investigated ITO samples, suggesting that grain boundary

scattering does not significantly affect the carrier mecha-

nism. In order to confirm this assumption, the mean free

path of the electrons was calculated, using the following

formula [30, 31]:

l ¼ l
h

2e

� �
3ND

p

� �1=3

ð3Þ

where l is the mean free electron path, h is Planck’s constant

(6.626 9 10-34 m2kg s-1), e is the elementary charge

(1.6021 9 10-19 C), ND and l are the carrier concentration

and mobility as obtained from the Hall measurement. The

mean free path values obtained are one order of magnitude

lower than the crystallite size, confirming that grain

boundary scattering is not the primary cause of low carrier

mobility, in agreement with Chen et al. [30]. The low

mobility values combined with the high carrier concentra-

tion (obtained for samples with 0.1 M concentration and 10

depositions) suggest a high recombination rate.

3.2 Correlation between surface morphology

and electrical properties

Sol concentration, substrate type and number of layers all

have a direct influence on the morphology of the sol–gel

ITO samples [18].The electrical conductivity could not be

determined for the 1 and 2 layers ITO sol–gel films because

they are not continuous and exhibit porous islands, as seen

in Fig. 2a–c for different magnifications. Continuous films

can be observed for the five layer samples (Fig. 2d),

establishing a clear influence of the number of layers on

sol–gel ITO morphology.

The thicknesses determined from SEM analysis are in

good agreement with the thickness obtained by ellipso-

metric measurements as illustrated for selected samples

in Table 2. The sol concentration has a direct influence

on the thickness and porosity of the films. The sol–gel

films obtained from 0.25 M initial solution (Fig. 3d) are

generally thicker than those obtained from 0.1 M

(Fig. 3c) by as much as one order magnitude and can

even reach the thickness of the sputtered ITO films

(Fig. 3a, b) after five depositions. The porosity of the

films follows a different trend: films obtained from the

0.25 M solution exhibit consistently higher values than

those obtained from 0.1 M solution or those obtained

through sputtering (Fig. 3a–d). This is due to the dif-

ferent viscosities of the solutions. For the less concen-

trated sol, the lower viscosity leads to better wetting of

the substrate (for the first deposition) and of previously

deposited layers (for multilayers) which promotes flat,

smooth films. The 0.25 M sol, being more viscous,

promotes film growth perpendicular to the substrate and

leads to high porosity and roughness.

The influence of the substrate type may be linked to

reactivity. While the SiO2 layer acts as a suitable buffer

against impurity diffusion from glass to film, it also

increases the reactivity of the substrate, potentially

increasing the coarseness of the films [18]. In Fig. 3d the

stratification of the SiO2/glass substrate is very clear,

showing the ITO films on SiO2 layer (*50 nm thick) on

glass—the darker phase.

Thickness and porosity both play an important role in the

electrical properties of thin films. Thinner films can

sometimes exhibit lower electrical performance due to the

combined effects of: low degree of crystallization, surface

scattering and charge carrier trapping [32]. Porosity and

roughness also link to this effect as higher values usually

lead to increased surface scattering and lower mobility.

The high porosity shown in SEM images for the films

with 0.25 M—5 layers on SiO2/glass is also found in the

Table 1 Lattice constants and crystallite size of ITO sol–gel films

Substrate No. of

layers

Molar

concentration (M)

2h (o) Lattice constants

a = b = c (Å)

a = b = c = 90�

Crystallite

size (nm)

SiO2/glass 5 0.25 30.61 (12) – 6.3 (12)

SiO2/glass 5 0.1 30.69 (5) 10.0816 (2) 9.9 (13)

SiO2/glass 10 0.1 30.75 (2) 10.10672 (17) 10.6 (3)

Glass 5 0.25 30.65 (11) – 7.6 (26)

Glass 5 0.1 30.72 (7) 9.9483 (18) 9.1 (9)

Glass 10 0.1 30.86 (3) 10.0715 (4) 9.7 (3)
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values calculated from refractive indices determined from

ellipsometric measurements, using the relation:

P ¼ 1 � n2 � 1

nd � 1

� �
� 100ð%Þ ð4Þ

where n is the refractive index of the film and nd (=1.92 for

k = 500 nm) is pore-free ITO [33]. As can be seen from

Table 2, more porous films are obtained by sol–gel depo-

sition (11–19 %) in comparison with the films prepared by

sputtering (2–10 %).

The 3D-topographic AFM images are shown in this

paper at the scale of 2 9 2 lm2 only for the ITO films

prepared by sputtering and thermally treated at 600 �C
(Fig. 4a, b). The r.f. sputtered ITO films are uniform and

smooth up to 500 �C as we previously reported [11]

exhibiting a continuous structure of small (10 nm) circular

grains. After annealing at 600 �C, the surface of the sput-

tered ITO films is already defected, as can be seen from

Fig. 4a, by the formation of pits (samples prepared in 75 %

N2) or even micro-cracks—Fig. 4b—(samples prepared in

100 % N2). The roughness is also small and decreases with

the temperature of RTA treatment up to 500 �C (Fig. 5a).

At the RTA temperature of 600 �C, the roughness suddenly

increases in both series of sputtered films (75 and 100 %

N2) because of some defects (10–15 nm deep) that

accompany the crystallization process (as proved from

XRD—Fig. 1a) which could induce mechanical stress in

the films matrix.

Fig. 2 Top view SEM images of 0.1 M film deposited on SiO2/glass: 2 layers with different magnifications (a–c); 5 layers (d)

Table 2 Film thickness (d),

optical band gap (Eg) and

porosity (P)

Sample dfilm (SE)

± 2 nm

dfilm (SEM)

± 20 nm

Eg (eV) P (%)

75 %N2- 500 �C/fused silica 254.0 250 3.68 10.00

100 %N2- 500 �C/fused silica 381.0 390 3.80 2.84

0.1 M - 10 layers/SiO2/glass 31.1 40 3.74 11.19

0.1 M - 15 layers/SiO2/glass 59.0 – 3.87 9.28

0.25 M - 5 layers/SiO2/glass 205.4 200 3.64 19.28
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Along with the roughness variation with RTA tempera-

ture, the mean grain diameter of the sputtered films shows

a similar trend (slightly larger for the films prepared in

100 % N2), with a minimum at 500 �C followed by the

formation of larger particles after crystallization at 600 �C.

Only few particle aggregates are formed during RTA

treatment (i.e. ITO—75 % N2, 600 �C) which is due to the

short annealing time. The deposition atmosphere plays a

much smaller role than the RTA temperature, from a

morphological point of view. The films deposited in 100 %

N2 are characterized by slightly smaller grain size and

roughness values (Fig. 5a, b) which affect the electrical

transport mechanism due to surface scattering and recom-

bination processes. The samples prepared in 75 % N2,

which exhibited promising electrical properties, showed a

decrease of the electrical resistivity from AP stage up to

500 �C accompanied by an increase in charge carrier

density (Fig. 5d). Taking into account the roughness and

mean diameter vs. RTA curves, this suggests a better inter-

granular transport. At 600 �C due to the crystallization

process, some structural rearrangements take place and the

appearance of surface defects (pits and micro-cracks)

disturbed the grain boundaries contact which further affects

the electrical properties (i.e. mobility and resistivity). The

deterioration of the electrical behavior cannot be offset by

the increased level of crystallinity, as previously stated in

Sect. 3.1, which is an indicator of better structural order-

ing. This confirms that the morphology of the sputtered

ITO films has a stronger effect on their electrical proper-

ties, compared to their structure. The increase in charge

carrier density with the RTA temperature may have two

sources of electron donors: the substitutional tin atoms and

the oxygen vacancies. The carrier concentration (ND)

increasing with the oxygen vacancies is also supported by

the Hall mobility (small) decrease from 400 to 500 �C for

ITO films prepared in 75 % N2 [11] as the mobility is very

sensitive to defects density inside the films.

For the sol–gel films, the resistivity trend should follow

the roughness and porosity trend and therefore be influ-

enced by solution concentration, substrate type and layer

number. The formation of large cavities for multilayered

films prepared from 0.25 M ITO sol, as stated in a previous

work [18] is accompanied by substantially higher resis-

tivity values compared to those of the sol–gel 0.1 M films

Fig. 3 Tilted view SEM images of ITO sputtering RTA at 500 �C obtained in 75 % N2 (a) and 100 % N2 (b) and sol–gel films with 0.1 M– 10

layers (c) and 0.25 M– 5 layers (d). Insertion in the Fig. 3d is a top view of the 0.25 M– 5 layers on SiO2/glass
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(Fig. 5g, h) which can be linked to the decreased charge

carrier density. In this paper, the 3D AFM images of the

0.1 M sol–gel films with 15 layers (Fig. 4c, d) are pre-

sented, which show homogeneous surfaces but with larger

superficial particles for the ITO films deposited on SiO2/-

glass as compared to those on glass substrate. The resis-

tivity variation with the number of layers for the 0.25 M

films follows the same trend as the roughness behavior

(Fig. 5e, g). Instead, the films deposited from 0.1 M ITO

sol show a trend of decreasing roughness and defects

density by multiple depositions and thermal treatments

(Fig. 5f) which favors the densification process and a

decrease in resistivity or increase of the charge carrier

density (Fig. 5h). The corresponding relatively low

mobility suggests a high recombination rate. This could be

attributed to impurity scattering while grain boundary

scattering is less likely to significantly affect the carrier

mechanism (as previously stated, the electron mean free

path is much lower than the crystallite size).

The most promising electrical results were registered in

Fig. 6 for both types of samples obtained by sputtering and

sol–gel, which showed degenerate semiconductor behavior

(carrier density is constant during temperature variation,

DT = 110–350 K) in Hall Effect measurements. In order

to determine the optimal thickness for ITO thin films which

exhibit the most promising electrical and optical properties,

additional sol–gel films with 0.1 M—15 and 20 layers

(approximately 60 and 70 nm thick, respectively) were

deposited on SiO2/glass substrate. Among the sol–gel

samples (with 10, 15 and 20 depositions) shown in Fig. 6,

the 0.1 M ITO—10 layers presents the highest carrier

density and it is situated between the values obtained for 75

and 100 % N2 sputtering films. The same behavior is also

observed for the transmission spectra (Fig. 7).

It should be noted that the samples obtained through sol–

gel from 0.1 M sol were generally much thinner than those

deposited through r.f. sputtering. This could explain the

slightly lower electrical performance of the former by as the

combined effect of surface scattering and electron trapping.

Even so, the deposition of more than 10 layers does not

significantly improve the opto-electrical properties (carrier

density and transmission) as seen from Figs. 6 and 7.

3.3 Transmission

Transmission is one of the clue points in obtaining of a good

TCO material. The spectra of the UV–VIS optical trans-

mission for all studied samples are presented in Fig. 7. A

comparable transmittance (85–90 %) from 450 to 1050 nm

spectral range was observed from both types of ITO films.

Due to the fact that one layered ITO sol–gel films are very

thin (*20 nm) they are transparent regardless of their

structural and morphological properties (see Fig. 7), but the
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carrier number is too low (the transmission does not

decrease in near infrared spectral range) to exhibit good

electrical properties. Only after 10, 15 or 20 depositions can

they be considered competitive with sputtering films.

Optical band gap (Eg), one of the three important

parameters of a good TCO material (along with transmittance

and carrier concentration) must be higher than 3.3 eV (lower

than 380 nm). The values obtained in the frame of this work,
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determined by transmission measurements, are around

3.6–3.9 eV (see Table 2) for both types of films (sputtering

and sol–gel).

4 Conclusions

A comparison between the structural, morphological and

opto-electrical properties of sputtered ITO films (deposited

in 75 and 100 % N2 atmosphere and annealed at 400, 500

and 600 �C) deposited on fused silica and sol–gel ITO

films (0.1 and 0.25 M, with 1–20 layers, annealed at

400 �C) deposited on glass and SiO2/glass is presented.

A series of deposition parameters have been varied in

each case and their degree of influence on the structural and

morphological properties as well as their ulterior effect on

opto-electrical behavior is discussed in detail. By selecting

optimized deposition parameters (75 % N2, RTA 500 �C
for sputtered films and 10 layers from 0.1 M solution of

SiO2/glass for sol–gel films) comparable values for the

properties of interest (transmission, resistivity and band

gap energy) could be obtained in these two series of films.

The films obtained by sol–gel deposition have a higher

porosity (11-19 %) compared to the sputtering method

(2–10 %), but comparable transmittance values (85–90 %),

proper values of the carrier concentration (1020–1021 cm-3)

and a similar degenerate semiconductor behavior.

The results of these experiments demonstrated the

possibility:

– to select a suitable substrate, sol-concentration and

deposition number for predetermined properties needed

in a certain application;

– to replace the expensive sputtering method with the low

cost sol–gel one in TCO applications, especially when

large area samples are required.
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