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Optoelectrical properties ZnO and W-doped In,04
multilayer films grown by pulsed laser deposition
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Transparent and conducting thin films having structure of zinc oxide/tungsten doped indium oxide/zinc oxide
(ZnO/IWO/Zn0O) were deposited by pulsed laser technique. The effect of ZnO films thickness on structural, optical and
electrical properties of multilayer films is studied. These films are highly oriented along (002) and (222) direction for ZnO
and IWO respectively. The transparency of films is over 75 %. The conductivity, carrier concentration and mobility of films
increase with increase in IWO film thickness. The low resistivity (1.24 x 10™ Q.cm), high mobility (198 cm?v™'s™) and high
transmittance (> 80 %) suggest that these multilayer films could be used as highly conducting and transparent electrodes

for optoelectronic applications.
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1. Introduction

Zinc oxide (ZnO) is a wide band gap, II-VI compound
with a wurtzite-type structure. It has a band gap of 3.37 eV
[1]. Pure ZnO is n-type semiconductor with high
conductivity [2]. The presence of Zn-interstitials and/or
oxygen vacancy is responsible for its high conductivity.
The conductivity and carrier concentration of ZnO can be
improved by cationic substitution with a trivalent atom
such as Al, Ga, and In [3]. Due to the unique properties of
ZnO such as low resistivity, high optical transparency and
wide bandgap, it is widely used for optoelectronic devices,
sensors, spintronics and photovoltaic applications [4].

Many researchers are working to improve the
structural, optical and electrical properties of ZnO by
varying dopants, growth parameters and post treatment
[5]. Also different methods are being used for deposition
of thin films such as sol-gel [6], spray pyrolysis [7],
chemical vapor deposition [8], sputtering [9], and pulsed
laser deposition [10]. Recently multilayer systems based
on semiconductor and metal such as ZnO/Ag/ZnO are
used to improve the properties of ZnO films [11]. But the
problem with metal as a middle layer is that, it reduces the
transparency of the metal oxide and also the mobility of
these films is not very high [12]. Tungsten doped indium
oxide (IWO) is a promising material for optoelectronic and
photovoltaic application due to its low electrical
resistivity, high electron mobility and high transparency
[13]. Here, we use IWO films as an intermediate layer. In
this article, we report effect of IWO film thickness on
optoelectrical properties of ZnO films.

2. Experimental details

The targets for the pulsed laser deposition were
prepared by the standard solid-state reaction method using
high purity of ZnO, In,0O; and WO;. For IWO target,

required amounts of In,O; and WO; were taken by
molecular weight to get two atomic weight percent of
tungsten. The well-ground mixture was heated at 800 °C
for 12 hours. The powder mixture was cold pressed at
6 x 10° N/m? load and sintered at 850 °C for 12 hours.

KrF excimer laser (Lambda Physik COMPex, A = 248
nm and pulsed duration of 20 ns) is used for deposition of
these films. The laser was operated at a pulse rate of 10
Hz, with an energy of 300 mJ/pulse. The laser beam was
focused onto a rotating target at a 45° angle of incidence.
ZnO/IWO/ZnO multilayers of various thicknesses (ZnO
from 0 to 100 nm) were deposited at 500 °C under oxygen
pressure of 1.0x10” mbar. The deposition chamber was
initially evacuated to 1.2x10 mbar and then oxygen gas
was introduced into the chamber during deposition. The
growth rate for the films was ~3 nm/min.

The structural characterizations were performed using
x-ray diffraction (XRD) and atomic force microscopy
(AFM). The XRD spectra of all the films were recorded
with Bruker AXS x-ray diffractometer using the 26-6 scan
with CuK, (A = 1.5405 A) radiation which operated at 40
kV and 40 mA. The AFM imaging was performed under
ambient conditions using a Digital Instruments (Veeco)
Dimension-3100 unit with Nanoscope® III controller,
operating in tapping mode. The optical transmittance
measurements ~ were  made  using  UV-visible
spectrophotometer (Ocean Optics HR4000).

The resistivity and Hall coefficient measurements
were carried out by a standard four-probe technique. The
Hall effect was measured with the magnetic field applied
perpendicular to film surface in the Van der Pauw
configuration [14]. Carrier concentration and carrier
mobility were calculated at room temperature using Hall
coefficient and resistivity data [15].

3. Results and discussion
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X-ray diffraction and atomic force microscopy is used
for structural characterization of ZnO/IWO multilayer.
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Fig. 1. XRD patterns of ZnO/IWO/ZnO films grown at
500 °C.
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Fig. 1 shows x-ray diffraction patterns of ZnO/IWO
multilayer films. It is evident for the XRD that all the films
are highly oriented and crystalline in nature. It is observed
that ZnO films are highly oriented along (002) direction
while IWO films are highly oriented along (222) direction.
It can be seen that with increase in thickness of middle
layer i.e. IWO, the intensity of ZnO peak decreases.

Fig. 2 shows the AFM images of pure ZnO and
ZnO35nm)/IWO(65nm) multilayer film. It is clear from
these figures that the films have very smooth surface. The
root mean square (rms) roughness of the pure ZnO and
ZnO/IWO multilayer films is calculated and found to be
1.99 nm and 1.65 nm respectively. This indicates that
surface roughness of ZnO improves by fabricating
multilayer. For any optoelectronic application not only rms
roughness but peak to valley roughness is also a very
important parameter [16]. It is reported that the leakage
current of the device increases with increase in peak to
valley roughness. The peak to valley roughness for ZnO
and multilayer is 17.89 nm and 11.28 nm, respectively.
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Fig. 2. AFM images of (a) ZnO (100 nm) and ZnO (35 nm)/IWO (65 nm) films.

The optical transmission spectrum of pure ZnO, IWO
and multilayer were measured in the range of 250 nm-950
nm and is shown in Fig. 3. It is observed that all the films
are highly transparent and transparencies of all the films
are higher than 75 %. Saha et al. have deposited
multilayers of ZnO and silver using rf-magnetron
sputtering and observed that the transparency of multilayer
films decreases drastically with increase in thickness of
middle silver layer [11]. The decrease in the transparency
of ZnO/Pt/ZnO multilayer films is also observed by
Ramachandran et al. [12]. The transparency of the
multilayer films decreases from ~ 60 % to ~ 25 % with
increase in platinum layer thickness from 7 nm to 15 nm
respectively. The advantage of all oxide based multilayer
films is that the transparency of films is very high and
almost independent of middle layer thickness.
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Fig. 3. Transmittance spectra of ZnO/IWO/ZnO films.
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Fig. 4 shows the effect of ZnO films thickness on
electrical resistivity, carrier concentration and mobility of
ZnO/IWO/ZnO multilayer films. The electrical resistivity
of films was determined by taking the product of sheet
resistance and film thickness. The carrier concentration (n)
is derived from the relation n = 1/6.Ry, where Ry is the
Hall coefficient and e is the absolute value of the electron
charge. The carrier mobility (x) is determined using the
relation [t = 1/ Ne p, where p is resistivity. It is observed
that the resistivity of the ZnO/IWO/ZnO multilayer films
increases with increase in ZnO film thickness. The film
resistivity increases from 1.04 x 10 Q.cm to 8.19 x 107
Q.cm to with increase in ZnO film thickness from 0 nm to
90 nm respectively. On the other hand, the -carrier
concentration and mobility is found to decrease with
increase in ZnO film thickness. The electron mobility
decreases from 231 cm*V's to 87 em*V's! with increase
in ZnO film thickness from 0 nm to 90 nm, respectively.
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Fig. 4. Effect of ZnO thickness on resistivity (o), carrier
concentration (n), and mobility (x) of ZnO/IWO films.

Temperature dependent electrical resistivity of these
multilayer films is studied in the range of 5-300 K (Fig. 5).
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Fig. 5. Temperature dependent electrical resistivity of multilayer films having different thicknesses.
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It is observed that the nature of multilayer film
depends on film thickness of different layers. Pure ZnO
film shows semiconducting behavior in the range of 5-300
K. The introduction of IWO film as a middle layer
changes its behavior from semiconductor to metallic.
Multilayer films having low thickness of IWO film show
transition from semiconductor to metallic behavior. The
negative temperature coefficient of resistance below the
transition temperature and positive temperature coefficient
of resistance above the transition temperature suggests that
more than one competing mechanisms are operative. The
negative temperature coefficient of resistance below the
transition temperature could be due to localization of
electrons [17, 18]. The positive temperature coefficient of
resistance above the transition temperature shows
delocalization of electrons. This delocalization of electrons
leads to metallic conductivity, which is characteristic of a
degenerate semiconductor [19].

4. Conclusions

The multilayer of ZnO/IWO/ZnO is grown by pulsed
laser deposition. The effect of ZnO film thickness on
structural, optical, and electrical properties of multilayer
films was studied. These films are highly oriented along
(002) and (222) direction for ZnO and IWO respectively.
These films are highly transparent and conducting with
high mobility. These high quality films could be used as
transparent conducting electrodes for optoelectronic
devices.
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