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Thin films of indium tin oxide (ITO) doped with zinc oxide have the remarkable properties of being con-
ductive yet still highly transparent in the visible and near-IR spectral ranges. The Electron beam deposi-
tion technique is one of the simplest and least expensive ways of preparing. High-quality ITO thin films
have been deposited on glass substrates by Electron beam evaporation technique. The effect of doping and
substrate deposition temperature was found to have a significant effect on the structure, electrical and op-
tical properties of ZnO doped ITO films. The average optical transmittance has been increased with in-
creasing the substrate temperature. The maximum value of transmittance is greater than 84% in the visible
region and 85% in the NIR region obtained for film with Zn/ITO = 0.13 at substrate temperature 200 °C.
The dielectric constant, average excitation energy for electronic transitions (E,), the dispersion energy
(Ey, the long wavelength refractive index (n_), average oscillator wave length (4,) and oscillator strength
S, for the thin films were determined and presented in this work.

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Transparent conducting oxides (TCOs) possess low resistivity, exhibit good adherence to many sub-
strates, and have good transmission characteristics from the visible to near-infrared wavelengths, which
make it useful for various applications. These transparent, metallic oxides include, in part, indium-oxide,
tin-oxide, indium-tin-oxide, zinc-oxide, cadmium—indium-oxide and cadmium-tin-oxide. These TCOs
are used in a variety of applications including: solar cells [1]; liquid crystal displays [2]; anti-static coat-
ings on instrument panels [3]; corrosion resistant coatings [4]; gas sensors [5]; ohmic contacts to surface-
emitting lasers [6]; ohmics contacts to light emitting diodes [7]; ohmic contacts to photodetectors [8];
Schottky contacts to photodetectors [9]; and heat mirrors for energy efficient windows and light bulbs
[10]. The properties of these films are highly dependent on the defect structures, method of deposition,
substrate temperature and film thickness.

Zn0O is normally an n-type semiconductor with a room temperature band gap of 3.2 eV [1]. While
stoichiometric ZnO films are highly resistive, highly conducting films can be made by creating oxygen
vacancies, which act as donors.

Indium tin oxide films (ITO) have been studied for many years and several applications have been
found. Different deposition techniques of films have been reported, such as reactive thermal evaporation
[11], spray pyrolysis [12], rf-sputtering [13] and electron beam evaporation [14]. Transparency and con-
ductivity of this highly degenerate and wide band gap oxide semiconductor film can be varied by adjust-
ing the dopant material and substrate temperature during the deposition.

" e-mail: hazem95@yahoo.com

JWILEY
<D InterScience” i
%727 siscover Soutruin s anear © 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim




Original

Paper

phys. stat. sol. (a) 202, No. 14 (2005) 2743

In a previous paper [15] we studied the effect of thickness and the post deposition treatment param-
eters on the ITO optical and electrical properties, demonstrating that the thickness values were very im-
portant for calculations of the electrical resistivity and the post deposition treatment were very important
for enhancing both the optical and electrical properties of ITO films.

Advancement of TCO’s may not only lay within the improvement of existing materials in use (such as
Sn0O,, ITO, ZnO, etc.), but also the development of novel materials. In the present work, the study of the
ZnO doping effect and substrate temperature on the optical and electrical properties of indium tin oxide
(ITO) thin films deposited by electron beam evaporation technique was made and the results are reported
here and discussed.

2 Experimental

In the present investigation ITO films were prepared from a highly pure (99.999%) cold pressed powder
of 90 wt% In,O; and 10 wt% SnO, as described in [15]. Thin films of ZnO doped ITO (Zn/ITO =0, 0.13,
0.31 and 0.55) with thickness of 170 nm were grown onto ultrasonically cleaned glass substrates, using
electron beam evaporation technique from a highly pure (5N) cold pressed powder of In,0;—SnO, and
ZnO grinded separately and sieved. In order to increase the diffusion process and consequently improve
the homogeneity of the material, the tablets were heated up to 900 °C for 3 h.

The glass substrates have been ultrasonically cleaned by means of ultrasonic cleaner instrument model
(T-9) using both acetone and carbon tetrachloride as solvents for 2 h and 1 h, respectively. Then, it has
been well washed by distilled water and left to dry in a muffle over at 100 °C.

Thin films of the prepared tablet were deposited using Edwards high vacuum coating unit model
E306A. The evaporation conditions were: (1) a vacuum of 2 x 107 Torr; (2) an accelerating voltage of
3 kV; (3) electron beam current 8—14 mA; and (4) the substrate temperature during deposition was main-
tained at room temperature, 100, 150 and 200 °C. The rate of evaporation was controlled within the
range 10—15 nm/min. The film thickness and deposition rate were controlled by means of a digital film
thickness monitor model TM200 Maxtek. Investigations of the microstructure was carried out on Phillips
(PW-1710) Cu diffractometer XRD (1 = 1.541838 A) by varying diffraction angle 26 from 4 to 70 by
step width of 0.04 in order to evaluate crystalline phase and crystallite orientation.

The surface morphology of thin films was performed by using a metallurgical microscope type (In-
verted metallurgical microscope Epiphot 300). This microscope is attached with video camera (DSP
color camera) and PIV computer.

Optical transmittance (7) and reflectance (R) were measured over the wavelength range 200—2500 nm
by using a Jasco V-570 UV-visible-NIR spectrophotometer with a scan speed of 1000 nm/min. Spectra
were recorded at room temperature. The transmittance and reflectance data were used to calculate ab-
sorption coefficient of the films at different wavelengths. The absorption coefficient, a, is given by the
relation:

2.303 1-R
05:710&0 (T)> (D

where d is the film thickness.
The refractive index can be determined from the following relation:

1+R [(R+1Y N
=) ] ¥

where k = al/4m is the extinction coefficient. In the present work, more reasonable values for » may be
determined by considering the plus sign of Eq. (2).

The real dielectric constant ¢, which is resulted due to the contribution from the free carrier electric
susceptibility, can be written by the following relation [16]:

' = — I =¢,— &/nc*(NIm*) 1%, 3)
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where ¢; is the infinitely high frequency dielectric constant or the residual dielectric constant due to the
ion core, N/m* is the ratio of carrier concentration to the effective mass. Thus, using the previous equa-
tions, o, k, n, ¢ and N can be determined from transmission and reflectance measurements.

The film resistivity measurements were carried out at room temperature using a Keithley 614 elec-
trometer with simple two-probe contacts separated by 2 mm.

3 Results and discussion

Figure 1 shows the X-ray diffraction patterns of undoped and ZnO doped ITO films. It is clear that, all
films seem to be amorphous. Small peaks corresponding to SnO, SnO,, ITO and Zn,In,O5 (Z1O) are
embedded in the amorphous matrix of ZnO doped ITO. The relative intensity of these peaks was noted to
change with increasing of ZnO doping. It is observable from this figure that, the intensity of ITO (431)
peak decreased with increasing the ZnO doping. This suggests that some of Sn*" ions are substituted by
Zn*'. The reason that Zn*' replaced the Sn*" atoms and did not replace the In*" atoms can be interpreted
as, that the ionic radius of Sn*" (0.71A) is very close to that of the ionic radius of Zn>* (0.74 A), whereas
the ionic radius of In** equal to 0.81 A. So it is easy that the Zn"? atoms substitute the Sn** atoms about
the In*" atoms.

Figure 2 shows the surface morphology of undoped and ZnO doped ITO films deposited at room tem-
perature. It is evident that, the surface of undoped film seems to be smooth and contains few small grains
confirming the nearly amorphous nature of the film. For ZnO doped ITO it is observed that, the excess of
ZnO incorporation seems to have influenced on the surface morphology of the ITO, as increasing the ZnO
ratio the number of grains increase. For films having Zn/ITO = 0.31 and 0.55, more grains could be ob-
served in the amorphous matrix and may be attributed to the new phase formed due to the ZnO addition.

Measurements of spectral transmittance and reflectance of the sample showed that the films transpar-
ency all over the spectral range 200—2500 nm of all the ITO films doped with ZnO were higher than
those of the undoped one as shown in Fig. 3. The films appeared brownish in color and exhibited an
optical transparency less than 50%. It was observed also that the film transparency initially increased and
after that decreased with increasing ZnO doping (Fig. 3(a)). This is may be due to the oxygen vacancies
or the behavior of free carriers concentration with increasing the ZnO doping, illustrated in Fig. 4.
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Fig. 2

Surface morphology of undoped (a) and ZnO doped ITO films having ZnO/ITO = 0.13 (b),

0.31 (c) and 0.55 (d) deposited at room temperature.

As it is known, increasing the oxygen vacancies lead to increase the carrier concentration which degrade
the transparency due to free-carrier absorption [17]. It is clear also that the absorption edge generally lies
in the visible region for ZnO doped ITO.

We have used Drude’s theory of dielectrics to obtain the values of carrier concentration N and mobil-
ity carrier ¢ from the optical data. The variations in carrier concentration N, mobility carriers x, and resis-
tivity p with the ratio of ZnO to ITO films are shown in Fig. 4. Undoped ITO film prepared by vacuum
evaporation is degenerate semiconductors. Typically with a carrier concentration N which is in the range

1.6 x 10*' em™.

The mobility carrier is 0.2 cm*/Vs, and a resistivity p is 2 x 102 Q cm. In the case of

ZnO doped ITO films, the carrier concentration in the range of 3.8 x 10*° — 8.8 x 10 ¢cm™. The mobility
carrier is 0.4—0.7 cm?/Vs, and the electrical resistivity is 1.1 x 102 —2.2 x 102 Q cm. It is obvious in
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Spectra of transmittance (a) and reflectance (b) of undoped and ZnO doped ITO thin films.
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Fig. 4 Variation of the electrical resistivity and carrier concentration for as-deposited ZnO doped ITO
thin films at room temperature. In the inset variation of mobility carrier with Zn/ITO ratio is shown.

Fig. 4 that, the resistivity initially increased, which can be attributed to the disorder in the material as a
result of doping effect and after that the resistivity decreased quickly with increasing ZnO concentration
reaching a minimum of 1.1 x 102 Q cm for Zn/ITO = 0.55, so we can conclude that, the resistivity is
directly related to the charge carrier concentration of the material in the Drude model [18]. The relatively
high resistivity for the films may be due to relatively poor crystallinity of these films. The initial de-
crease of carrier concentration can be interpreted in terms of the carrier compensation due to doped Zn,
acting as an acceptor. The increase of carrier concentration with increasing the ZnO is related to the
formation of ternary compound Zn,In,0s, as seen in Fig. 1 (XRD patterns)

A usual method of estimating band gap is to plot the graphs of (a/v)"” versus Av for various values of 7.
Where, a is the absorption coefficient, /v is the photon energy, r is an exponent that depends upon the
type of transitions involved. For allowed transitions, (aAv)"" depends linearly on /v above E, so that ex-
trapolation of straight line portion of the plot (at /v > E,) to zero absorption value gives magnitude of
energy gap. In the present study, Fig. 5(a) suggests a progressive reduction of the band gap of ZnO-doped
ITO films with increasing the ZnO doping, and that a tentative extrapolation of the band gap has been
attempted in Fig. 5(a), whose results are plotted in Fig. 5(b), despite the small linear region shown in the
absorption spectra above the band gap for the doped samples. It is clear that the variation of (ahv)® versus
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Fig.5 Plot of (ahv)’ vs. hv(a) and plot of the optical band gap E, (b) for undoped and ZnO doped ITO thin films.
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Fig. 6 Plot of Urbach energy as a function of Fig.7 Variations of the refractive index (n) and
Zn/ITO ratio. extinction coefficient (k) in the visible region with
Zn/ITO ratio.

hv, which is straight line, indicating the presence of direct optical transition. The decrease of the energy
band gap can be, in general, correlated with the creation of new donor levels in forbidden zone.

The absorption edge can be determined from the exponential dependence of the absorption coefficient
and it is determined as [19],

a(hv)=a,exp (W/E,) , (4)

where a, is a constant and £, is the Urbach energy which is interpreted as the width of tails of localized
states in the gap region. Plotting the dependence of In a vs. &v should give a straight line. The E, values
were calculated from the following relationship, E, = (d In a/d hv)™ as shown in Fig. 6. It is observable
that, the Urbach energy suddenly decreased at Zn/ITO = 0.13 and after that increased gradually with
increasing the ZnO ratio, this may be due to that, ZnO doping causes a shift in the optical absorption
edge therefore change in the band structure of the films. Increasing the optical absorption edge of the
films with increasing the ZnO ratio indicate that, the dopant ratio is responsible for the width of localized
states in the optical band of the films and causes an increase in the energy width of localized states
thereby reducing the optical energy gap.

Figure 7 shows the variation of refractive index and extinction coefficient in the visible region with
Zn/ITO ratio. It has been noticed that the extinction coefficient decreased from 0.4 for undoped ITO to
0.12 for Zn/ITO = 0.13 films and after that increased slightly with increasing the ZnO doping; this is due
to the increase of absorption with increasing the doping. The ZnO-doping also affects the refractive in-
dex of the films as shown in Fig. 7. The refractive index is observed to increase from 2.35 to 3.94 with
an increase in ZnO/ITO ratio from 0 to 0.31 and then slightly decreased at Zn/ITO = 0.55.

The refractive index dispersion for crystalline and amorphous materials can be expressed as [20],

1 E 1
) =S () 5
(n ) Ed EOEd( V) > ()

where 7 is the refractive index, % is Planck’s constant, v is the frequency, Av is the photon energy, E,
(single oscillator energy) is the average excitation energy for electronic transitions and E, is the disper-
sion energy, which is a measure of the strength of interband optical transitions. By plotting (#* — 1)™
against (hv)* and fitting a straight line, £, and E, can be determined directly from the slope (E,E,)" and
the intercept £,/E, on the vertical axis. Values of £, and £, are shown in Fig. 8. It was observed that the
values of E| initially increased and after that decreased with increasing the ZnO content, this may be due
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Fig. 10  Surface morphology of ZnO/ITO =0.13 (a,, a,, a,), 0.31 (b,, b,, b,) and 0.55 (c,, ¢,, c,) thin films
at substrate temperatures 100, 150 and 200 °C, respectively, for each composition.
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Table 1 Some optical and electrical properties of ZnO doped ITO deposited at different substrate tem-
peratures (4, is the short-wave cutoff wavelength, p is the film resistivity, u is the carrier mobility, N is
the free carrier concentration, ¢, is the infinitely high frequency dielectric constant, nys, is the refractive in-
dex (at 550 nm of wavelength), n_ is the long wavelength refractive index, E is the average excitation en-
ergy for electronic transitions, E, is the dispersion energy, S, is the oscillator strength and 4, is the average
oscillator wave length).

Zn/ITO=0.13 Zn/ITO =0.31 Zn/ITO=0.55
100 150 200 100 150 200 100 150 200
[°C]  [°C] [°C] [C] [°C] [C] [C] [°C] [°C]
Acutorr (LM ] 0.339 0.335 0.329 0.344 0339 0.335 0375 0370 0.364
107 p[Qem] 12 9.89 8.25 7.01 6.23 4.20 6.60 4.32 2.12
u [em*/Vs] 456 1.88 1.63 1.7 1.56 2.15 1.35 1.74 3.52
10 N [em™] 1.14 3.36 4.63 5.23 6.42 6.93 7.01 8.32 8.38
& 331 332 3.78 3.25 3.77 4.35 3.32 3.98 4.61
Msso 249 228 2.25 2.57 2.35 2.39 2.88 2.59 2.22
n, 2.16 2 1.99 2.74 2.47 2.16 3.86 3.29 2.02
E, [eV] 5.19 5.55 5.88 3.93 4.16 5.69 3.77 3.97 5.73
E [eV] 5.56 5.23 5.53 4.58 4.25 5.5 4.49 4.16 5.44
10° S, [m™?] 393 343 297 13 114 4.17 5.37 4.7 4
A, [nm] 304.8 296.1 3159 2233 211.8 296.7 509.2 458. 278.6
100
80 ':-’_;._: Ln® B “ad = 2 L
-
® 60f/
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Fig. 11 Spectral variation of the transmittance 7" with wavelength for ZnO doped ITO thin films at dif-
ferent substrate temperatures.
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to the behavior of the optical energy gap. There is a direct relation between E, and E, [21]. Hence, a
decrease in E, (darkening) must be accompanied by a decrease in E,,.

The high frequency dielectric constant was determined from the spectral dependences of » and k in the
IR region using Eq. (3). Figure 9 shows the variations of dielectric constant with the Zn/ITO ratio. It
generally can be noticed that the dielectric constant increased from 6.1 for Zn/ITO = 0.13 to 10.8 for
Zn/ITO = 0.55, this can be attributed to the increase of the free carrier concentration with increasing ZnO
doping. On the other hand, E, and ¢; seemed to change in opposite manner as seen from Figs. 5 and 9.
This is in agreement with the data obtained by Moss et al. [22].

The substrate deposition temperature was found to have a significant effect on the structure, electrical
and optical properties of the ITO films. Figure 10 shows the surface morphology of ZnO doped ITO
films with ZnO/ ITO =0.13 (a,, a,, a;), 0.31 (b,, b,, b;) and 0.55 (c,, c,, ¢;) at substrate temperatures 100,
150 and 200 °C respectively for each composition. It is clear that, the grains size increase significantly
with increasing the deposition substrate temperature from 100 °C to 200 °C.

The optical transmittance curves as a function of the wavelength for the ZnO doped ITO films depos-
ited at various substrate temperatures are shown in Fig. 11. As seen from this figure the transmittance
increases with increasing the substrate temperature for all films. This increase in optical transmittance is
also related to the increase in grain size of the films with increasing the substrate temperature from
100 °C to 200 °C. It is also observed that the absorption edge shifts towards shorter wavelength, suggest-
ing a widening of the energy band-gap with increasing substrate temperature. This shift in the absorption
edge can be explained by the Burstein—Moss effect [23, 24] in which the absorption edge shifts towards
higher energy with an increase of carrier concentration [25].

The direct band-gap of the films was calculated from the transmission data in the lower wavelength
region using the assumption that the transition probability becomes constant near the absorption edge.
The variation of the energy gap as a function of substrate temperature is shown in Fig. 12. One can see
from this figure that, the optical energy gap increases with increasing the substrate temperature. Accord-
ing to this increase in the optical band gap, the short wave cutoff wavelength decreased, as shown in
Table 1. The basis of the short-wave cutoff wavelength is due to the band gap of the material. It is well
known that:

124
E,(eV)’

ﬂ’culoﬂ' (“‘m) (6)

where E, is the energy band gap of the material. The cutoff wavelength is directly affected by the energy
gap of the material [26]. In the case of ZnO doped ITO thin films deposited at different substrate tem-
peratures, the materials are degenerately doped such that the lowest energy levels of the conduction band
are completely filled. This gives an effective band gap larger than that of the intrinsic material. The en-
ergy gap is shifted due to the doping of the thin film. The magnitude of the shift is the result of two com-

3.8
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2 i/é
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T
é 34F / Y
S
3.3}F / Fig. 12 Variations of the optical band gap E, with substrate
temperatures.
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peting mechanisms: band gap narrowing due to electron—electron and electron-impurity effects on the
valence and conduction bands and band gap widening as a result of the Burstein—Moss effect, a blocking
of the lowest states of the conduction band by excess electrons.

Effect of substrate temperature on the electrical resistivity is shown in Table 1. The result shows that
the resistivity decreases with the substrate temperature increases, this can be explained by the fact that
the grain size increases significantly with increasing the growth temperature, thus reducing the grain
boundary scattering and decreasing the resistivity. Values of free carriers concentration and mobility
carriers listed in Table 1. It is seen that, the carrier concentration increases with increasing the substrate
temperature, thereby reducing the film resistivity.

The refractive index of ZnO doped ITO films deposited at different substrate temperature was calcu-
lated from the optical data using Eq. (2). The wavelength dependence of refractive index of the films
formed at different substrate temperature is shown in Fig. 13. It is observed that the refractive index of
the films is found to increase initially and then decreased with the increase of wavelength. It is clear also
that the refractive index of the films is dependent of the substrate temperature. In Table 1, it is also ob-
served that the refractive index (at 550 nm of wavelength) decreases from 2.49 to 2.25 with an increase
in the substrate deposition temperature from 100 °C to 200 °C, this can be explained by the increase of
the carrier density of the films.

Using the values of refractive index, the long wavelength refractive index (#..), average oscillator
wave length (4,) and oscillator strength S, for the thin films were determined and listed in Table 1. In
order to determine these values, we used the single term Sellmaeir oscillator [27].

The substrate deposition temperature also affects other properties of the film such as the dielectric
constant ¢;, the average excitation energy for electronic transitions E,, the dispersion energy E, as can see
in Table 1.
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4 Conclusion

Advancement of TCO’s may not only lay within the improvement of existing materials in use (such as
Sn0O,, ITO, ZnO, etc.), but also the development of novel materials. Zinc oxide doped ITO films of low
electrical resistivity (2.12—12 x 107 Q ¢cm) and high visible transmittance (83%) were obtained as a
novel TCO material by varying the zinc oxide concentration and substrate temperature. An increase in
the band gap (3.23-3.75 eV) was observed by increasing the substrate deposition temperature from 100
to 200 °C. A reduction of the refractive index for ZnO doped ITO films from 2.49 to 2.25 can be
achieved by raising the electron density in the films, which can be obtained by increasing the tempera-
ture of deposition.
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