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Abstract

Undoped and Al and In doped ZnO films were deposited on flexible PET substrates by
Reactive Pulsed Laser Deposition (R-PLD). The morphological and structural characteristics
of the obtained structures were investigated by AFM, SEM and XRD respectively. The
transmittance spectra were recorded in the 300-1200 nm wavelength range and the electrical
conductivity was measured. The samples appeared as granular and polycrystalline with high
transparency and had a good electrical conductivity. The crystallinity of the undoped ZnO
films improved with increasing pressure of the reactive oxygen gas. Doping of ZnO with Al
or In modified the energy band gap and the resistivity of the material. The possibility for the
application of such structures for the development of hybrid photovoltaic cells on flexible

substrates will be demonstrated.
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Introduction

For the development of organic and flexible electronics, optically transparent plastics
with high glass transition temperatures are desired for many optoelectronic devices such as:
organic solar cells (OSC), organic light emitting diodes (OLED) or organic field effect
transistors (OFET). Polyethylene terephthalate (PET) has been widely used as a substrate
material for the growth of transparent conducting oxide thin films as electrodes [1-4]. At
present, ITO (Tin-doped Indium Oxide) is mostly used as the transparent electrode for such
applications. Due to the high cost of Indium and its reduced abundance, recent research has
focused on zinc oxide (ZnO) as a possible replacement of ITO.

Various deposition methods of zinc oxide films on glass substrates were used [5-9],
such as thermal oxidation, spray pyrolysis, sputtering etc. Pulsed laser deposition (PLD) is
considered as an efficient method for depositing doped ZnO films with controlled
stoichiometry [10]. In particular, there is a strong correlation between the energetic plasma
created by the pulsed laser and the oxygen pressure [11], but the main advantage is the
deposition of a variety of doped films at low temperatures.

In this paper, we report on the surface morphology and the optical, structural and
electrical properties of undoped and Al:ZnO (AZO) and In:ZnO (IZO) doped thin films,
deposited by reactive pulsed laser deposition (R-PLD).

Experimental

The experimental setup is schematically shown in Fig.1. All ZnO thin films were
deposited on PET substrates (heated at 120°C) at 10, 20, and 30 Pa oxygen pressures for 1.5 h.
For the undoped ZnO films, only the 248 nm excimer laser was employed for the ablation of
the ceramic ZnO target. For the Al- and In-doped samples, a second, synchronized 355nm
Nd:YAG laser was used for the ablation of the metallic Al and In targets. The fluence of the

second “dopant” laser was varied between 0.7 and 3.4 J/cm” and thus the concentration of the



dopants in the ZnO film matrix could be controlled. The repetition rate of both lasers was 10
Hz.

The structural characteristics were studied by Cu-K, (A=1.5406A) X-ray
diffractometry (XRD). The films surface morphology was determined by Scanning Electron
Microscopy (SEM) and by Atomic Force Microscopy (AFM). The transmittance spectra were
recorded in the wavelength range 300-1200 nm at room temperature, using a Lambda 19 UV-

VIS spectrophotometer.

Results and discussions
(a) undoped ZnO films

The characteristics of the undoped ZnO films at 2.4 J/cm® excimer laser fluence have
been investigated as a function of the reactive oxygen gas pressure. From the XRD patterns
(Fig.2a) it resulted that the film crystallinity improved for 30 Pa oxygen pressure. From the
normalized transmission spectra (Fig.2b) it followed that the transmission also improved with
oxygen pressure, with the 30 Pa sample having an average value close to 90%. The films
thickness is given in Tablel. These values followed from the transmission spectra by using

the formula of Manifacier [12]:

(o MA, A,
2(N(A)A, —N(4,)A,)

where A; and A, are the wavelength values corresponding to two extrema (minima or maxima)
of the transmission curve, n(A;) and n(A,) the indices of refraction respectively. The n values
have been calculated by using the Sellmeier equation with parameters from [13] and M is 1
for two subsequent 1 extrema. The values given in table 1 are the average values from
various combinations of extrema pairs. We notice that the film at 30 Pa shows a slightly
higher average transmission. Together with the XRD results it follows that this sample shows
both a better crystallinity and stoichiometry.

Low resolution SEM images (not presented here) have shown droplets and particulates
with irregular shapes on the film surface with sizes of some micrometers. Such pm-sized

particles were strongly reduced with the increase of the oxygen pressure. On the other side,



the ZnO crystallites were of the order of 100 nanometres (Fig. 3a), presenting a very regular
granular and smooth (RMS=7 nm) film surface. For comparison, a 3D image of the PET
substrate (RMS 8.7 nm) is also presented in Fig. 3(d). Consequently, we used 30 Pa oxygen

pressure for the deposition of the subsequent doped samples.

(b) doped ZnO films

To further decrease the number of the pm-sized particles on the doped samples, we
reduced the fluence of the 248 nm laser to ca. 2 J/cm®. This was achieved by placing the
focusing lens ca. 10 mm closed to the target: thus, the ablated target area increased while the
pulse energy remained the maximum one available.

The XRD patterns are presented in Fig. 4(a). In the spectrum of the undoped ZnO
sample (reference sample for 2 J/cm? of the 248 nm laser), we observed the substrate (PET) as
well as the well-known (002) plane of ZnO. The employment of the second “dopant” laser
resulted to very different observations for the two dopants. For the Al-doped ZnO (AZO), the
crystallinity degrades with the increase of the second laser fluence, as can be seen from the
broadening, shifting and decreasing of the (002) ZnO peak. No Al,O3 have been observed
either. This means that Al is incorporated into the ZnO lattice, replacing Zn sites. We made a
similar observation in the past [14]. On the contrary, for the In-doped ZnO (1ZO) films, the
presence only of the In,O; peaks indicated that the film crystallized rather well as a In,Os
matrix that is doped by Zn. This may be the result of the reduced 248 nm laser fluence for the
Zn target and the high ablation efficiency of In by the “dopant” laser.

The transmission spectra in Fig. 4b showed that AZO films are in general more
transparent than IZO films that showed a dramatic decrease of the transmission with
increasing the “dopant” laser fluence. Following the same procedure as for the undoped
samples above, the thickness of the ZnO reference as well as of 3 AZO films was calculated
and is given in Table 2. The thickness values are in average higher than the undoped ones, due
to the larger ablation target area for this set of samples. The thickness for the IZO samples is
not given, because, as the XRD spectra have indicated an In,O; matrix rather than a ZnO one
and therefore the dispersion n(A) for ZnO could not be applied here.

The surface morphological analysis has been performed for all doped samples and the
results are presented in Fig. 5(a) and 5(b) for AZO and 1ZO respectively. The role of the
fluence of the “dopant” laser is very pronounced, in particular for the IZO films grown under

the same deposition conditions: surface roughness and pm-sized particulates are significantly



enhanced for the IZO films. The reason may be that In is ablated more efficiently, as it has a
lower melting point, and is softer than Al. The presence of more and larger pum-sized
particulates on the IZO film surface may explain the strong reduction of their transmission
because they act as light scattering centres.

In Fig. 6, (ohv)? is plotted as a function of the photon energy (hv). From these graphs,
the optical band gap was calculated according to [15] and the values are listed in Table 2. The
AZO films revealed an increase of band gap with Al as dopant [16]. On the other hand,
doping with In caused a decrease of band gap as the transmittance reached the zero at a higher
wavelength.

The calculated resistivity values, as determined by the four point method for doped
films are also listed in Table 2. From the literature it is known [16, 17] that the resistivity of
doped ZnO thin films shows a minimum value with the dopant concentration. Table 2,
indicates therefore that the optimum “dopant” laser fluence for the lowest resistivity is 0.7

J/em? or less.

Conclusions

The R-PLD method allows the growth of semiconducting thin films with good quality
on flexible substrates at 100 °C. In this preliminary study, the fluence control of the two
employed lasers is crucial for the properties of the grown compound materials. The In doped
ZnO thin films, deposited under the present conditions, seem to be inappropriate for
photovoltaic applications, due to their low conductivity as well as low transparency induced
by the big particulates on their surface. These effects are less pronounced for Al doped ZnO
thin films for which both the resistivity and the transparency values that were obtained,
indicated that this method is suitable for the deposition of transparent conductive oxides on
plastic substrates. It is expected that these properties may further be improved for “dopant”

laser fluence less than 0.7 J/cm?>.
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Figure captions

Fig.1. Pulsed Laser Deposition setup

Fig.2 XRD patterns of undoped ZnO films deposited at different oxygen pressures (a);

transmission for undoped ZnO films deposited at different oxygen pressures (b).

Fig.3. Undoped ZnO sample at 30 Pa: SEM (a) and 2D (b) and (c¢) 3D AFM micrographs
The 3D AFM image of the PET substrate is shown for comparison (d).

Fig.4. XRD patterns of undoped and Al and In doped zinc oxide films deposited for two
fluences of doping laser 1.4 J/cm? and 3.4 J/cm? (a); transmission for undoped and Al and

In doped ZnO films deposited using different fluences of dopant laser (b).

Fig 5: SEM and 2D and 3D AFM images for different “dopant” laser fluence of: AZO at
1.4 J/em® (a) and 3.4 J/em® ; 1ZO at 1.4 J/cm® (¢) and 3.4 J/cm® (d);

Fig.6. (ahv)* vs. hv photon energy plots for films prepared under various conditions, a

being the absorption coefficient.
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Table 1: undoped ZnO (for 2.4 J/em® of the 248 nm laser).

Oxygen pressure (Pa) Thickness (nm)
10 547 +/- 10
20 480
30 540
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Table 2: Thickness, resistivity and optical band gap values for the doped zinc oxide films (for

2 J/em® of the 248 nm laser).

sample Fissnm (J/em”) | Thickness (nm) | Resistivity (Qcm) Optical gap (eV)
ZnO (ref.) - 775 +/- 10 210° 3.22
AZO 3.4 726 1.9 10 3.43
AZO 1.4 625 0.17 3.43
AZO 0.7 600 0.11 3.52
120 3.4 5.5 10 2.97
1Z0 1.4 2 2.94
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