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Effect of sputtering pressure and annealing temperature on
the properties of indium tin oxide thin films
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Abstract

Indium tin oxide (ITO) thin films were deposited on glass substrates by RF sputtering system at different sputtering pressure (SP) (20–34 mTorr)

and room temperature. The sputtering pressure effects on the deposition rate, electro-optical and structural properties of the as-deposited films

were systematically investigated. The optimum sputtering pressure of 27 mTorr, giving a good compromise between electrical conductivity and

optical transmittance was found to deposit films. The films were heat-treated in vacuum (200–450 ◦C) and their electro-optical and structural

properties investigated with temperature. A criterion factor Q, which is the ratio between the normalized average transmission to normalized

resistivity was defined. It has been observed that Q has its maximum value for heat treatment at 400 ◦C and the X-ray diffraction (XRD) and

scanning electron microscopy (SEM) analysis proves the films have preferred crystal growth towards (2 2 2) direction and average size of grains are

35–40 nm.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Indium tin oxide (ITO) thin films as transparent conductive

(TCO) layers are widely used in optoelectronic and solar cell

technology [1–3,5–16]. They have high electrical conductiv-

ity and transmission in visible and near-infrared (IR) spectrum

[7,8]. Because of its many advantages such as high deposition

rate, sputtering is the preferred technology and the electro-

optical and structural characteristics of the films are strongly

sputtering parameters dependent. One of these parameters is

sputtering pressure (SP), which is adjustable easily in all kind

of sputtering systems. Sputtering pressure can be controlled by

controlling the flow of sputtering gas, and has effective influ-

ences on the structure, electrical resistivity and optical trans-

mission of the films. Usually post heat treatment in vacuum is

known to be very effective in improving characteristics of the

films [9,10]. In the present work, the effect of sputtering pres-

sure and annealing temperature, on the structural, electrical and

optical properties of the ITO films will be discussed.
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2. Experiment

ITO thin films were deposited onto cleaned soda lime glass

substrates by RF sputtering system at room temperature. The

target was a ceramic (In2O3; SnO2: 90/10) with a distance of

3.5 cm from substrate holder. Prior to deposition the chamber

was evacuated down to 9 × 10−6 Torr by a rotary and diffusion

pump and then the Ar/O2 (90/10, %) gas mixture was introduced

to the chamber as sputtering plasma gas. For all deposition steps

the target was pre-sputtered for 15 min in the chosen sputter-

ing condition. A series of samples were prepared at different

sputtering pressures ranging from 20 to 34 mTorr in a high sput-

tering power of 350 W. The deposition time was kept 60 min

for all samples. Giving a good compromise between electrical

conductivity and optical transmittance, the optimum sputtering

pressure value of 27 mTorr was further used to deposit films. In

order to understand the post annealing effect on the physical,

structural and electro-optical properties of the films, these films

were then annealed at temperatures ranging from 200 to 450 ◦C

in vacuum. Structural properties were studied by means of the

X-ray diffraction (XRD) and the scanning electron microscopy

(SEM) techniques. The optical transmission and sheet resistance

of the films were measured by spectrophotometer and four point

probe technique, respectively. Some physical properties of the
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Fig. 1. XRD analysis of ITO films prepared at SP of 24, 27, 30 and 34 mTorr.

films were also derived from the XRD and transmission data.

The films heat treatment was carried out in vacuum furnace for

1 hour within the chamber evacuated down to 3 × 10−5 Torr and

then cooled in the same condition.

3. Results and discussions

3.1. As-deposited samples

Fig. 1 shows the XRD analysis of the some selected samples

prepared at sputtering pressures of 24, 27, 30 and 34 mTorr. It

can be seen that the main growth directions are (2 2 2), (4 0 0),

(4 4 0) and (6 2 2), which are related to the cubic structure of the

In2O3 [10]. The ratio between the intensity of (2 2 2) peak to

(4 0 0) (I222/I400) for the films deposited at sputtering pressure

of 20–24 mTorr is 5 or even more which is much more than the

standard value for ITO powder [9]. Therefore the most part of

the layer parallel to surface has been textured in 〈1 1 1〉 direction,

while for films deposited at sputtering pressure of 25–34 mTorr

this ratio is much less than standard value, resulting in the 〈1 0 0〉

textured films. Many authors have studied the crystal growth ori-

entation and texture of as-deposited films. It is well known that

the plasma density changes with sputtering pressure and sputter-

ing power. It was reported that the change in the plasma density

during the deposition of ITO films changes the film properties

by influencing the thermalization distance [11,12]. When the

thermalization distance is larger than target to substrate gap, an

energetic impingement of O− ions with growing surface leads

Fig. 2. Transmittance spectra of ITO films prepared at SP of 24, 27, 30 and

34 mTorr.

Table 1

Sputtering pressure (mTorr)

24 27 30 34

Optical gap, Eg (eV) 3.65 3.69 3.54 3.85

Resistivity, ρ (×10−4 � cm) 102 65 59 147

I(2 2 2)/I(4 0 0) 4.94 0.16 0.50 0.35

Film texture 〈1 1 1〉 〈1 0 0〉 〈1 0 0〉 〈1 0 0〉

Graina size(222) (nm) 13.84 12 19.51 16.5

Grain size(400) (nm) 14.65 16.45 14.74 16.1

Lattice constant (nm) 10.319 10.276 10.264 10.268

Tave (400–800 nm) 76.2% 82% 80.05% 84.8%

(2 2 2) Plane distance 2.979 2.974 2.966 2.958

Deposition rate (nm/min) 7.1 7.92 10.5 2.8

Thickness (nm) 425 475 630 168

a Grain sizes were derived from the XRD spectra using Scherrer method [16].

to oxygen deficient films (films prepared at SP of 25–34 mTorr),

which tend to orient along (4 0 0) direction, while for low sput-

tering pressure of 20–24 mTorr, the thermalization distance is

smaller than target to substrate gap, therefore the films have more

reduced oxygen vacancies and tend to grow in (2 2 2) direction

[13–15]. The lattice parameter (calculated from XRD strongest

peak) and interplaner distances (d) of the film are summarized

in Table 1. It can be seen that these parameters are larger than

their standard values. It can be concluded that the as-grown films

are under tensile stress [16]. For the films prepared at high sput-

tering power and room temperature the larger value of lattice

parameter can fairly be attributed to the introduction of Sn atom

into the crystal lattice. The lattice parameters and plane distances

decrease by increasing sputtering pressure from 20 to 34 mTorr.

This can be related to higher oxygen vacancies at higher sput-

tering pressure. Transmission spectra of the films deposited at

different sputtering pressure are shown in Fig. 2. The optical

absorption coefficient (α) was calculated from these spectra and

energy gap (Eg) for films was determined using α2 versus hν

plot [16]. The decrease in energy gap for the films deposited

at SP of 27–34 mTorr can be attributed to the film’s thickness

and increasing oxygen vacancy [12,16]. This is well supported

by film’s resistivity variation (Table 1). The calculated average

transmissions (Tave) in the visible region of spectrum and films

resistivity are shown in Table 1. For the samples deposited at

sputtering pressure ranging from 20 to 27 mTorr, the average

transmission increases by sputtering pressure increase, but any

Fig. 3. Variation of the (2 2 2) and (4 0 0) peaks with temperature.
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Fig. 4. XRD analysis of the films annealed at 380, 400 and 450 ◦C.

increase in sputtering pressure from 27 to 30 mTorr decreases

the average transmission by 82% (for 27 mTorr). By increasing

the sputtering pressure from 20 to 30 mTorr the film resistiv-

ity decreases. A sensible increase in Tave is then observed for

films deposited at 30–34 mTorr, which can be related to films

reduced thickness and as a consequence less optical scattering

path. In this sputtering pressure region, the higher plasma density

increases the number of collisions, which causes the reduction

of particles mean free path and deposition rate (Table 1).

3.2. Annealed samples

Fig. 3 shows the variation of the (2 2 2) and (4 0 0) peak inten-

sities for the films prepared at sputtering pressure of 27 mTorr

with annealing temperature. It can be seen that the intensity

of (4 0 0) peak decreases with increasing annealing temperature

while the intensity of (2 2 2) peak increases and at 400 ◦C the

(4 0 0) peak disappears completely. Similarly, Holmelund et al.

[17] observed a strongly preferred 〈1 1 1〉 textured film deposited

at substrate temperature of 200 ◦C by pulsed laser deposition

(PLD) technique. The XRD patterns of samples annealed at 380

and 450 ◦C are shown in Fig. 4. It can be seen at T = 380 ◦C

the (4 0 0) peak is going to be disappeared and the annealing

temperature of T = 450 ◦C shows that not only the (2 2 2) peak

intensity decreases significantly by further annealing tempera-

ture, but also the (4 0 0) peak reappears and its intensity becomes

higher. Therefore the temperature of 400 ◦C is most suitable

annealing temperature for our samples. The variation of (2 2 2)

and (4 0 0) grain sizes (from XRD data) lattice parameter and

Fig. 5. SEM image of the sample annealed at 400 ◦C.

interplaner distance (d) for (2 2 2) and (4 0 0) crystal planes are

presented in Table 2. It can be seen that the (4 0 0) grains are

larger than those for (2 2 2) orientated films and have scattered

nature with annealing temperature. The size of (2 2 2) grains

increases with increasing annealing temperature and takes the

maximum value of 26.2 nm at 400 ◦C. The interplaner distance

for (2 2 2) crystal planes decreases systematically with increas-

ing temperature to 400 ◦C. This means the film favors to release

its stress along [1 1 1] direction by annealing and at 400 ◦C the

film has minimum value of stress. Fig. 5 shows the SEM image

of the sample annealed at 400 ◦C. It is clear that the films have

a granular structure and the grain sizes and shapes in this image

are larger than those calculated from XRD spectra (26.2 nm). In

SEM analysis the size of some grains were checked by SEM and

seen that they have sizes in the range of 35–40 nm.

For example, the size of one of these grains (denoted by (×)

sign in Fig. 5) is about 37 nm (illustrated at bottom of SEM image

by white font (G-3 (37 nm)). This difference is in agreement

with Kerkach et al. report [16]. The optical transmission spec-

tra for visible and near-IR spectrum of as-deposited and 400 ◦C

annealed films are shown in Fig. 6. The optical band gap and

resistivity of the films in various annealing temperatures are also

summarized in Table 2. It can be seen that the resistivity of the

films takes its lowest value at 400 ◦C along with transmission

enhancement; this can be attributed to larger carrier mobility,

film crystallite improvement and grain size enlargement at this

temperature [10–16]. A criterion parameter Q, which charac-

terizes the electro-optical properties of the films, was defined

as the ratio of normalized average transmission to normalized

Table 2

Anneal. temp. (◦C)

RT 200 300 350 380 400 450

Optical gap (eV) 3.69 3.72 3.71 3.71 3.72 3.72 3.76

ρ (×10−4 � cm) 65 23 17 16.2 7 2.21 18

I(2 2 2)/I(4 0 0) 0.16 0.14 0.51 0.65 22.9 Only (2 2 2) 0.66

Film texture 〈1 0 0〉 〈1 0 0〉 〈1 0 0〉 〈1 0 0〉 〈1 1 1〉 〈1 1 1〉 〈1 0 0〉

G(222) (nm) 12 10 16.44 15.8 17.1 26.2 15.9

G(400) (nm) 16.45 20.8 17.7 20.2 – Only (2 2 2) 17

Lattice constant 10.276 10.302 10.264 10.256 10.263 10.232 10.252

d (2 2 2) 2.974 2.970 2.967 2.967 2.963 2.954 2.961

d (4 0 0) 2.569 2.575 2.566 2.564 2.564 – 2.563

Tave (300–1200 nm) (%) 74.1 74.8 75.7 75 78.5 77.1 76.7
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Fig. 6. Transmittance spectra for as-deposited and 400 ◦C annealed films.

Fig. 7. Variation of Q with annealing temperature.

resistivity. In this study, the average transmission and resistivity

of the films have been normalized to 90% and 2 × 10−4 � cm,

respectively. The variation of Q with temperature is shown in

Fig. 7. It can be seen that the maximum value of Q is obtained

at 400 ◦C. Furthermore, the parameter Q can also be specialized

for solar cell application as:

Q =
Norm. (Tave)

Norm. (resistivity)

where Norm. (Tave) is the normalized new average transmission

of the layer that is defined as:

Taverage =

∫ ∞

0 IAirMass 1.5(λ)T (λ)IQE(λ) dλ
∫ ∞

0 IAirMass 1.5(λ)IQE(λ) dλ

where IAirMass 1.5(λ), T(λ) and IQE(λ) are the intensity of light

arriving the earth (not the same for all over the world), optical

transmission of the ITO layer measured by spectrophotometer,

and internal quantum efficiency of solar cell, respectively. As a

good approximation, the IQE(λ) can be assumed almost constant

for the spectral range of 300–1200 nm and also equal to zero for

other ranges of light spectrum. Therefore the later equation can

be rewritten as:

Taverage =

∫ 1200
300 IAirMass 1.5(λ)T (λ) dλ
∫ 1200

300 IAirMass 1.5(λ) dλ

4. Conclusions

ITO thin films have been deposited onto glass substrates by

RF sputtering at different sputtering pressure (20–34 mTorr). It

has been observed that the deposition rate increases by increas-

ing sputtering pressure up to 30 mTorr and decreases above

30 mTorr. The films crystal orientation changed from [1 1 1] to

[1 0 0] as the sputtering pressure went over 24 mTorr. The sput-

tering pressure of 27 mTorr, having good combined electrical

conductivity and optical transparency, has been used to deposit

the films and these films were annealed at different temperatures

in vacuum. The annealing temperature of 400 ◦C showed better

conductivity and transparency, larger grain size and lower stress

for the films. The defined parameter, Q, as the films figure of

merit showed its the highest value at this annealing temperature

too. The parameter Q specialized for solar cell application.
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