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Abstract. Undoped and Al and In doped ZnO films were deposited on flexible PET substrates by Reactive
Pulsed Lasger Deposition (R-PLD). The morphological and structural characteristics of the obtained strue-
tures were investipated 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 zamples appearad
ag granular and polyerystalline with high transparency and had a good electrical conductivity. The crys
tallinity of the undoped ZnC films improved with increasing pressure of the reactive oxyegen gas, Doping
of Zn0O 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 demongstrated.

1 Introduction

For the development of organic and flexible electronice,
optically transparent plastice with high glass transition
temperatures are desired for many optoelectronic devices
such as: organic solar cells (OSC), organic light emitting
dicdes (CLED) or organic field effect transistors (OGFET).
Polyethylene terephthalate (PET) has been widely used
as a substrate material for the growth of transparent con-
ducting oxide thin films as electrodes [1-4]. At prasent,
ITO (tin-doped indium oxide) is mostly used as the trans-
parent electrode for such applications. Due to the high cost
of Indium and its reduced abundance, recent research has
focused on zinc oxide (Zn) as a possible replacement of
ITOC.

Various deposition methods of zinc oxide films on glass
substrates were used [5-0], such as thermal oxidation,
spray pyrolysis, sputtering, etc. Pulsed laser deposition
(PLD) is considersd as an efficient method for deposit-
ing doped ZnQ films with controlled stoichiometry [10].
In particular, there Is a strong correlation between the en-
ergetic 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:ZnC (AZO) and In:Zn0 (120 doped thin films,
deposited by reactive pulsed laser deposition (R-PLD).
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Vacuum chamber
Fig. 1. Pulsed lager deposition setup.

2 Experimental

The experimental setup Is schematically shown in
Figure 1. All ZnO thin films were deposited on PET sub-
strates (heated at 120 °C) at 10, 20, and 30 Pa oxygen
pressures for 1.5 h, For the undoped ZnC films, only the
248 nm excimer laser was emploved for the ablation of the
ceramic Zn target. For the Al- and In-doped samples, a
second, synchronized 355 nm Nd:YAG laser was used for
the ablation of the metallic Al and In targets. The fluence
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Fig. 2. (Color online} (o) XRD patterns of undoped Zn0 films deposited et different cxcygen pressures, (b) trensmission for

undoped ZnC films deposited af different oxypen pressures.

of the second *dopant” laser was varied between 0.7 and
3.4 J/em? and thus the concentration of the dopants in
the ZnQ film matrix could be controlled. The repetition
rate of both lasers was 10 Hz.

The structural characteristics were studied by Cu-I{,
(A = 1.5406 A) Xray diffractometry (XRD). The films
surface morphology was determined by scanning elec-
tron microscopy (SEM) and by atomic force microscopy
(AFM). The transmittance spectra were recorded in the
wavelength range 300-1200 nm at room temperature, us-
ing a Lambda 19 UV-Vis spectrophotometer.

3 Results and discussions
3.1 Undoped ZnO films

The characteristics of the undoped ZnO films at 2.4 J/cm?
excimer laser fluence hawve been Investigated as a func-
tion 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 normal-
ized 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 80%.
The films thickness iz given in Table 1. These values fol-
lowed from the transmission spectra by using the formula

of Manifacier et al. [12]:

. Mgk
- 2(??.()\1)}\2 — ﬂ()\g)}\i)

where A1 and A are the wavelength values corresponding
to two extrema (minima or maxima) of the transmission
curve, n{A:) and n{Az) the indices of refraction respec-
tively. The n values have been calculated by using the
Sellmeier equation with parameters from [13] and M is

Table 1. Undoped Zn0 (for 2.4 J/em? of the 248 nm laser),

Oxypen pressure (Pa)  Thickness (nm)

10 E47 +/— 10
20 480
30 540

1 for two subsequent 1 extrema. The valuss given in Ta-
ble 1 are the average values from various combinations of
extrema palrs. We notice that the film at 30 Pa shows
a slightly higher average transmission. Together with the
HARD results it follows that this sample shows both a bet-
ter crystallinity and stoichiometry.

Low rssclution 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 pressurse. On the other side, the Zn0 crys-
tallites were of the order of 100 nm (Fig. 3a), present-
ing a very regular granular and smooth (RMS = 7 nm)
flm surface. For comparison, a 30 Image of the PET sub-
strate (RMS 8.7 nm) is also presented in Figure 3d. Conse-
quently, we used 30 Pa oxygen pressure for the deposition
of the subsequent doped samples.

3.2 Doped Zn0O films

To further decrease the number of the pme-sized parti-
cles on the doped samples, we reduced the fluence of the
248 nm lager to ca. 2 J/em?. This was achieved by plac-
ing 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 Figure 4a. In the
spectrum of the wndoped ZnQ sample (reference sample
for 2 J/cm? of the 248 nim laser), we observed the substrate
(PET) as well as the wellknown (002) plane of ZnC.
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(d)

Fig. 3. (Color online) Undoped ZnO sample at 30 Pa: (a) 8EM and (b} 2D and {¢) 3D AFM mierographs. (d) The 3D AFM

image of the PET substrate iz shown for comparison.
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Fig. 4. (Color online) {&) XRD patterns of undoped and Al and In doped zine oxide films deposited for two fluences of doping
laser 1.4 J/em?and 3.4 J/em? (b) transmission for undoped and Al and In doped Zn0O films deposited using different fluences

of dopant lasger.

The employment of the second “dopant” laser resulted
to very different cbservations for the two dopants. For the
Al-doped ZnC (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) ZnQ
peak. Mo Al;Os have been chserved either. This means
that Al Is incorporated into the ZnC lattice, replacing
Zn sites, We mads a similar observation in the past [14].

On the contrary, for the In-doped ZnC (1Z0) films, the

presence only of the IngCs peaks indicated that the film
crystallized rather well as a IngOs 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 Figure 4b chowed that
AZO films are in general more transparent than 120 films
that showed a dramatic decrease of the transmission with
increasing the “dopant” laser fluence. Following the same
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Fig. 4. (Color online) {&) XRD patterns of undoped and Al and In doped zine oxide films deposited for two fluences of doping
laser 1.4 J/em?and 3.4 J/em? (b) transmission for undoped and Al and In doped Zn0O films deposited using different fluences

of dopant lasger.

The employment of the second “dopant” laser resulted
to very different cbservations for the two dopants. For the
Al-doped ZnC (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) ZnQ
peak. Mo Al;Os have been chserved either. This means
that Al Is incorporated into the ZnC lattice, replacing
Zn sites, We mads a similar observation in the past [14].

On the contrary, for the In-doped ZnC (1Z0) films, the

presence only of the IngCs peaks indicated that the film
crystallized rather well as a IngOs 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 Figure 4b chowed that
AZO films are in general more transparent than 120 films
that showed a dramatic decrease of the transmission with
increasing the “dopant” laser fluence. Following the same
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()
Fig. 5. (Color online) SEM and 2D and 3D AFM images for different “dopant” laser fluence of AZO at (a) 1.4 J/em? and
(b) 3.4 J/em?, 1Z0 at (¢) 1.4 J/em? and (d) 3.4 J/em?,

procedure as for the undoped samples above, the thick-
ness of the Zn 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 IZC samples iz not given, because, as
the XRD spectra have indicated an InpOs matrix rather
than a Zn( one and therefore the dispersion n(4) for ZnC
could not be applied here.

The surface morphological analysis has been per-
formed for all doped samples and the results are pre-
sented in Figures 5a and 5b for AZC and [20 respectively.
The role of the fluence of the “dopant” laser Iz wvery

pronounced, in particular for the 120 films grown under
the same deposition conditions: surface roughness and pm-
sized particulates are significantly enhanced for the IZ0C
films. The reason may be that In is ablated more effi-
ciently, as it has a lower melting point, and is softer than
Al. The presence of more and larger pm-sized particulates
on the [20 film surface may explain the strong reduction
of their transmission because they act as light scattering
centres.

In Figure 6, (ohw)? is plotted as a function of the pho-
ton energy (hr). From these graphs, the optical band gap
was caloulated according to [15] and the values are listed
in Table 2. The AZC films revealed an increase of band
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Table 2. Thickness, resistivity and optical band gap values for the doped zinc cxide films (for 2 J/cm2 of the 248 nm laser).

Sample Fass nm (J/em?)  Thickness (nm) Resistivity (Qem) Optical gap (6V)
Zn0 (ref.) = 775 +/— 10 2 x 10° 3.22
AZO 3.4 726 1.9 x 102 3.43
AZO 1.4 H25 017 3.43
AZO 0.7 a00 0.11 3.52
1Z0 3.4 5.5 x 107 2.97
120 1.4 2 2.54
@ pronounced for Al doped ZnQ thin films for which both
) 2o A (6) the resistivity and the transparency values that were ob-
q g; gg ;:jﬁ;'{:a tained, indicated that this method s suitable for the de-
%: i (4)—— 120 1.4 Jlom’ position of transparent conductive oxides on plastic sub-
E (5) 1ZO 3.4 Jiom'’ strates. It is expected that these properties may further be
L (6)——AZO 0.7 Jiem' improved for “dopant” laser fluence less than 0.7 J/cm?.
o P / @)
T [ &
~ / // (3)
s . // (5) References
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Fig. 6. (Color online) {ahe)? vs. he photon energy plots for
filme prepared under various conditions, o being the absorption
coefficient.

gap with Al as dopant [16]. On the other hand, doping
with In caused a decrease of band gap as the transmit-
tance 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 Ta-
ble 2. From the literature it is known [16,17] that the re-
sistivity 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 re-
sistivity is 0.7 J/cm? or less.

4 Conclusions

The R-PLD method allows the growth of semiconducting
thin films with good quality on flexible substrates at
120 °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 ZnC thin
films, deposited under the present conditions, seem to be
Inappropriate for photovoltalc applications, due to their
low conductivity as well as low transparency induced by
the big particulates on their surface. These effects are less
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