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ABSTRACT

Zeonor plastics are highly versatile due to exceptional optical and mechanical properties which
make them the choice material in many novel applications. For potential use in flexible
transparent optoelectronic applications, we have investigated Zeonor plastics as flexible
substrates for the deposition of highly transparent ZnO and AZO thin films. Films were prepared
by pulsed laser deposition at room temperature in oxygen ambient pressures of 75, 150 and 300
mTorr. The growth rate, surface morphology, hydrophobicity and the structural, optical and
electrical properties of as-grown films with thicknesses ~ 65 nm - 420 nm were recorded for the
three oxygen pressures. The growth rates were found to be highly linear both as a function of
film thickness and oxygen pressure, indicating high reproducibility. All the films were optically
smooth, hydrophobic and nanostructured with lateral grain shapes of ~ 150 nm wide. This was
found compatible with the deposition of condensed nanoclusters, formed in the ablation plume,
on a cold and amorphous substrate. Films were nanocrystalline (wurtzite structure), c-axis
oriented, with average crystallite size ~ 22 nm for ZnO and ~ 16 nm for AZO. In-plane
compressive stress values of 2-3 GPa for ZnO films and 0.5 GPa for AZO films were found.
Films also displayed high transmission greater than 95 % in some cases, in the 400 — 800 nm
wavelength range. The low temperature photoluminescence spectra of all the ZnO and AZO
films showed intense near band edge emission. A considerable spread from semi-insulating to n-
type conductive was observed for the films, with resistivity ~10° Q ¢m and Hall mobility in 4 -
14 cm?/V-s range, showing marked dependences on film thickness and oxygen pressure.
Applications in the fields of microfluidic devices and flexible electronics for these ZnO and AZO

films are suggested.



1. Introduction

Novel applications in flexible transparent electronics and optoelectronics, such as flat panel
displays [1], solar cells [2], organic light emitting diodes [3] or thin film transistors [4,5] require
the deposition of high-quality semiconductor oxide thin films on flexible, plastic instead of glass,
substrates. This is because the mechanical properties (flexibility, low density, compactness,
impact resistance) and generally the low-cost of most plastic materials [6,7] compare
advantageously with those of glass. ZnO and ZnO:Al (AZO) are well-known semiconductor
oxide materials for thin film deposition and generally produce films with excellent optical, e.g.
high transparency [8], and electrical, e.g. n-type conductivity [9-11] properties. These materials
also exhibit long term environmental stability [12] and bio-compatibility [13,14]. Thus, there
exists a body of work on the deposition and properties of thin films of ZnO, AZO and the related
materials IGZO (indium- gallium ZnO), [ZO (ZnO:In) and ZnO:Ga, on plastic substrates such as
as polyethylene terephthalate (PET) [2,5,15-18], polyethylene naphtalate (PEN) [4],
polycarbonate (PC) [19], polymethyl methacrylate (PMMA or Perspex) [20], polymide (PI)
[3,21] polyester [22] and cyclo-olefin polymer (COP) [23,24].

In the present work, we have used for the first time Zeonor™ -a proprietary brand of COP
plastics [25]- hereafter referred to as Zeonor, as a substrate for the deposition of ZnO and AZO
thin films. Zeonor is the material of choice for many applications in microfluidics [26], bio-
diagnostics [27] and biosensors [28], as well as in stringent optics applications such as high
density DVDs, liquid crystal displays and plastic optical fibers [25,29]. These and other state-of-
the-art devices may variously require the deposition of electrical contacts and/or high-quality
optical coatings that could potentially be achieved with ZnO and AZO thin films. Zeonor has

unique features compared to other plastic materials [25]; notably, its water absorption of less



than 0.01% is significantly smaller than that of PC (0.2%), PMMA (0.3%) and PET (0.01 to
1.5%) [23,25,30]. Thus, outgassing and water absorption effects in a vacuum environment are
minimized, enabling the direct deposition of materials on Zeonor without the need for buffer or
barrier layers.

Because the Zeonor glass transition temperature is close to 100 °C [25], the deposition of
good-quality thin films on Zeonor substrate needs to be carried out at or near room temperature.
Pulsed laser deposition (PLD) appears a highly suitable and versatile preparation technique to
meet this demanding challenge. Indeed, several works have reported the production of high-
quality crystalline ZnO/AZO films on amorphous substrates using PLD at room/low
temperatures, e.g. [31,32]. PLD at room temperature (RT) is, thus, the growth technique that we
use in the present work.

We now recall briefly aspects of ZnO thin film formation relevant to the motivation for the
present work. PLD growth of thin-film ZnO is typically carried out in an ambient oxygen
pressure, the value of which largely determines the prevalent growth mode, eg. layer-by-layer. In
the 1 — 100 mTorr (~ 0.1 —10 Pa) range continuous thin film growth occurs, while upward of
100°’s mTorr (> 50 Pa) —so-called high-pressure PLD-, film nanostructuring [33] is generally
observed with concomitant changes in the microstructure and optoelectronic properties. Such
pressure-dependent studies were carried out by Zhu et al. [34] and Gondoni et al. [35,36] on the
PLD of ZnO and AZO on glass and sapphire substrates, respectively. During film growth (at a
given ambient pressure), the polar ZnO material will undergo significant lattice re-organisation
due to defects formation and defects/atomic diffusion, formation of a depletion layer, crystal
grain formation and densification. These effects will be reflected in the variations of the film

properties with film thickness. For example, Zhu et al. [37] studied the change of the



crystallinity, microstructure and surface morphology of ZnO thin films of various thicknesses
prepared by PLD on glass; while Guillen and Herrero [38] conducted a similar study for AZO
films of various thicknesses deposited on glass at room temperature by DC sputtering. Finally,
all growth parameters being equal, comparison of the properties of ZnO and AZO films will tell
the specific effects of doping by aluminium substitution on the zinc lattice sites [10].

Based on these considerations, the aims of our work were to

(1) Use PLD to grow reproducible, high-quality ZnO and AZO thin films on flexible Zeonor
plastic substrates at room temperature, and

(2) Reveal the dependency of the growth rates, the microstructure and the surface, structural,
optical and electrical properties of ZnO and AZO thin films of different thicknesses on the
oxygen ambient pressure. The pressure range explored should correspond with observable
changes in the film properties as it is in the range where nanostructuring should occur.

In the rest of the paper, we provide the necessary experimental details. We then present and
discuss the results on thin film properties and associated deposition ambient/oxygen pressure and
film thickness trends. Finally, we propose applications suitable for the range of film properties

obtained in the work.

2. Experimental details

All the films were grown in a standard pulsed laser deposition (PLD) apparatus equipped with
a high-power, Q-switched, frequency-quadrupled, Nd:YAG laser [32]. The wavelength output,
repetition rate, pulse width and energy of the laser were 266 nm, 10 Hz, 6 ns and 150 mlJ,
respectively. The average laser fluence on the target was 2.0 J/cm”. The target-substrate distance

was kept constant at 5 cm with the ZnO target being a 99.999% pure sintered ceramic disk of



2.54 cm diameter. The aluminum-doped ZnO (AZO) target was identical in all respects for a 2
wt% Al,O; component equivalent to 3 at% Al. Sheets of 1.2 mm thick 1060R Zeonor [25] cut
into 1 cm x 2 cm rectangles were used as substrate. A gentle clean of the bare substrate surfaces
with isopropyl alcohol was applied and then dried with nitrogen gas. The Zeonor substrates were
mounted and kept at the deposition chamber base pressure of 3x10° mTorr (3.9x10° Pa) for
about an hour prior to deposition. Growths were carried out in ambient oxygen (deposition)
pressures of 75 mTorr (10 Pa), 150 mTorr (20 Pa) and 300 mTorr (30 Pa). From previous
literature, see ref. [33] and references therein, in this relatively wide range of deposition
pressures, the film growth should span over the transition from 2D layer-by-layer to 3D
nanostructuring modes. All the growths were carried out at room temperature and all the samples
characterised as-grown, without post-growth high temperature anneal. The details of the growth
parameters of the samples produced in this work are given in Table 1.

Film thickness was measured using a Dektak profilometer (D150 Veeco). Surface
morphology was studied by atomic force microscopy (AFM) (Dimension 3100 controlled by a
nanoscope Illa controller, digital instruments) in tapping mode. The AFM images were acquired
by scanning areas of dimensions 5 um x 5 um with a fixed resolution of 512 pixels x 512 pixels.
The AFM measurements were repeated several times at three randomly chosen locations of
every sample with no remarkable differences found between these locations. The water contact
angle (WCA) was measured with the help of a computer-controlled WCA commercial
instrument (FTA200 USA) implementing the sessile drop technique. In all the WCA
experiments, high-purity HPLC grade water was used and released at a flow rate of 1.5 uL/s
from a needle tip 2 mm above the film surface. The quoted WCA values are the average of

typically ten measurements on different locations over the surface of the sample and the error



bars represent the corresponding standard deviations. Structural characteristics were investigated
by x-ray diffraction using 20-o (Bruker AXS DS) and pole figure (Jordan Valley BEDE-D1)
scans, respectively. Optical transmittance spectra were measured using a double-beam UV-vis
spectrophotometer (Varian CARRY 50 scan), while low-temperature photoluminescence spectra
were recorded with a 1 m focal length monochromator (SPEX 1704) following 325 nm He-Cd
laser excitation. Electrical properties were measured with a commercial 4-point probe/Hall effect
apparatus (Accent HL5500). The experimental uncertainties or statistical errors associated with
all these measurements are recorded, where possible, as error bars on the relevant tables and

graphs shown in Section 3.

3. Results and Analyses
3.1 Thickness measurements and growth rate studies
From Table 1, we see that the range of film thicknesses considered in this work is 74 — 422
nm. Thus, all the films are optically thin and quantum confinement effects are not expected to
play any role in the physics underlying their properties. Fig.1 shows the variations of the ZnO
and AZO films thickness with the number of laser shots for the three oxygen deposition
pressures of 75, 150 and 300 mTorr. For all the samples and growth conditions used, film
thickness closely fits a linear function of the number of laser shots (R ~ 1 for the six graphs of
Fig.1). From the laser repetition rate of 10 Hz and the slope of each plot, the growth rates are
obtained with minimum and maximum values of 0.13 nm/s and 0.22 nm/s respectively. From the
inset of Fig.1, where the growth rates are plotted as a function of deposition pressure, we see that
the ZnO and AZO film growth rates increase linearly with increasing oxygen deposition pressure

at the rates of 2.2x10” nm/s/10 mTorr and 4.2x10” nm/s/10 mTorr, respectively. The growth



rates have equalized at 300 mTorr oxygen pressure while the AZO growth rate is about 25%
lower than that of ZnO for the lower pressures. From these observations showing linear
dependences, we can conclude that similar growth mechanisms leading to optically thin ZnO and
AZO films prevail in the range of experimental parameters —notably the 75 — 300 mTorr pressure
range- used. Thus, thin film properties of ZnO and AZO can be reproduced when grown on

Zeonor substrates by PLD.

3.2 Surface morphology studies

Fig. 2 shows AFM images of the surface of the thickest ZnO (Z3 and Z9) and AZO (A3
and A9) samples as typical examples. The insets of Fig. 2 show that the ZnO and AZO films
present similar microstructures, for the two growth pressures of 75 and 300 mTorr, in the form of
nanostructured, pea-shaped, grains with typical lateral sizes in the range 50 — 200 nm. Similar
nanostructured ZnO deposits have been observed in comparable PLD experiments by many
authors [39-42] and also in the laser ablation of silicon [43]. The underlying physical
mechanisms have been explained for ZnO in the works of Okada and Kawashima [39] and
Hartanto et al. [40]. In short, ZnO nano-clusters of various sizes are initially condensed in the
expanding ablation plume and transported to and captured on the substrate. If the substrate is
cold and amorphous, as is the case in our work, the nanoparticles have very limited surface
diffusion and crystal growth is minimal. The next ablation plume will then build up another
patchy layer of similarly shaped nanoparticles and so on. In the case of a high-temperature (and
possibly crystalline) substrate, the initial nanoclusters will diffuse rapidly forming a wetting
nucleation layer onto which crystalline ZnO nanorods can subsequently grow in a 3D growth

mode [42,44]. Relevant to the present work are the fundamental aspects of the synthesis of



silicon nanoclusters by conventional PLD discussed by Marine et al. [43] and the work by Jensen
[45] on the growth of nanostructures by cluster deposition. From our previous observation, we
can conclude that, all other conditions being equal, the transition to 2D film growth on Zeonor
substrate will occur at oxygen pressures lower than 75 mTorr. Overall, the AFM observations
and their analyses are consistent with the conclusion, drawn at the end of the previous section, of
a similar growth mechanism in the investigated pressure range. On the micrometric length scale
(main parts of Fig. 2), no particular organization of the nanostructures can be distinguished and
they appear randomly distributed over the observed surface area. On the even larger scale of
several tens of microns (not shown here) all the films surfaces were found to be identically

smooth, devoid of cracks, fracture lines or delaminations.

We have estimated the values of the average nanostructure lateral grain size and root mean
square (rms) roughness Ry for every sample with the help of imaging processing software
(WSXM). The results are plotted in Fig. 3. The AFM grain sizes typically range from 75 nm
(ZnO) - 90 nm (AZO) for the thinner films to values of 180 nm (ZnO) — 140 nm (AZO) for the
thicker films. They are also seen to increase in almost linear fashion with increasing film
thickness. The grain size data for the ZnO films show a weak dependency on the oxygen
pressure with a pattern of lower pressures producing larger nanostructure grain sizes in films of
roughly equal thickness being discernable. Whereas the AZO grain size values appear almost
insensitive to the oxygen pressure within the 75 — 300 mTorr range. The ZnO films show a wider
dispersion of grain sizes with varying ambient pressure and, on the whole, nanostructure grain
sizes are larger by a few 10’s of nm for the ZnO films at equal pressure compared with AZO
films. Overall the data of Fig. 3 show that the ZnO film morphology results from interplay

between ambient pressure and film thickness effects. According to the growth model presented



earlier, for thicker films, the ZnO nanoparticles deposited at a later stage will be captured by a
nanostructured ZnO film allowing for better nanocrystal growth leading to larger grains at the
lower pressure of 75 mTorr. For AZO, the role of the aluminium dopant in the film growth and
lattice reconstruction seems significant to the extent that it appears to shadow the role of the
oxygen pressure in the range used. Our experimental observations on grain sizes are generally
comparable with previous works on ZnO and AZO nanostructured films deposited on COP and
other plastic substrates, e.g. [15,16,24]. The RT PLD work of Gondoni et al. [35,36], in
particular, showing that AZO growth on glass becomes granular for oxygen pressures greater
than 10 Pa (77 mTorr) supports our findings and the basic model of nanocluster plume

formation.

The rms (Ry) surface roughness of the films are represented on the right vertical axes of
Fig.3 with different scales for ZnO and AZO. Overall, the trends are similar for the ZnO and
AZO films and follow the linear behaviour observed for the nanostructure grain size. The thinner
films have Ry values of 1-2 nm, while for the thicker films this is in the range 4-8 nm with the
bare Zeonor 1060R surface measured at 0.5 nm [28]. Therefore, all the films are optically
smooth for near-normal incidence illumination. Overall, the surface rms roughness increases
close to linearly with oxygen pressure for both the ZnO and AZO films. AZO films of
comparable thickness have very similar surface roughness, irrespective of the oxygen pressure,
while for ZnO films they are more dispersed. Overall, the ZnO films appear to be rougher by
several nm’s compared with the AZO films in the pressure range used in the work. This is
consistent with our observations on grain size just above. The rms surface roughness values of
typically a few nanometers reported here compare favourably with those reported in the quoted

previous works [15,16,24,34,38]. Authors have pointed out the importance of a smooth surface
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for device reliable performance and enhanced lifetime. For example, Han et al. [18] have
successfully fabricated AZO TFT’s on PET substrates quoting a rms roughness of 1.36 nm,
while Connolly et al. have reported the successful deposition of ZnO films on Perspex flexible
substrates with a rms roughness of 2.2 nm for use as electrodes in a biofuel cell [20]. The typical
roughness of ~ 2 nm for the ZnO and AZO thinner films produced here would thus seem

advantageous for similar devices fabricated on flexible Zeonor substrates.

3.3 Water contact angle (WCA) measurements

The wettability of the nanostructured ZnO and AZO thin films was assessed from the
variation of the water contact angle (WCA) value with film thickness as shown in Fig. 4. The
size of some of the error bars in this figure reflects the large variations of several degrees which
were occasionally found between successive measurements on the same sample. This is
compatible with the high sensitivity of the ZnO surface wettability on both exposure to near
ultraviolet radiation [46] and chemical contamination [47]. A WCA of 92.0° has been measured
for the bare 1060 R Zeonor surface, which is therefore hydrophobic [25,26,28]. Overall, it is seen
that the main effect of ZnO and AZO thin film deposition is to increase the hydrophobicity of the
Zeonor surface. However, the ZnO and AZO films show marked differences in this regard when
considering the thickness and pressure dependences. For the ZnO films, it is seen that the WCA
increases with thickness at all pressures, but the rate of increase is inversely proportional to the
oxygen pressure. Indeed, for a 75 mTorr deposition pressure, the ZnO WCA 1is seen to increase
to a maximum value of about 110° for the 340 nm film, while it increases only to about 95° for
the 422 nm film deposited at 300 mTorr. For the AZO films, the general trend is a slight decrease

of the WCA as a function of film thickness, from about 94° to slightly less than 92° and almost
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within the error bar, while there appears to be little sensitivity of this decrease on the ambient
oxygen pressure. The WCA data of Fig.4 can be correlated with the microstructure data of Fig.3.
The larger WCA values for the thicker ZnO films correspond with the larger nanostructure sizes
and rms surface roughnesses observed at the 75 mTorr pressure while the aforementioned lack of
sensitivity of the rms roughness on the film thickness and deposition pressure is also seen in the
WCA trends for AZO. This is indicative of a lower surface energy for the rougher surfaces
which, thus, exhibit larger contact angles [48]. The present results confirm the work of Subedi et
al. [49] showing a WCA greater for ZnO than for AZO films and that of Sun et al. [46] reporting

the dependence of the ZnO surface wettability on its surface morphology.

3.4 Structural properties

Fig.5 shows the out-of-plane 208-w xrd angular scans measured in the 20 ~ 32°-38° range
for all the ZnO and AZO samples. All these scans showed a single dominant (002) peak with a
weak (101) peak appearing for some of the AZO samples. More extended angular scans also
include the broad Zeonor substrate peak at 20 = 16° as shown in the inset (Z3 sample). These
data show that all the ZnO and AZO thin films deposited on Zeonor substrates by PLD have the
wurtzite crystalline structure and are highly textured with c-axis orientation, i.e. the hexagonal
(002) plane (basal plane) lies parallel to the plane of the substrate. The AZO material has a more
polycrystalline structure in the thicker films with some grains showing the (101) plane (facet)
lying parallel to the substrate plane. It is observed from Fig.5 that the (002) peaks are more
intense and narrower for ZnO than AZO films of comparable thickness. In order to establish the
effect of oxygen pressure on crystalline quality, the integrated intensity of the (002) peaks was
plotted as a function of film thickness for the various growth pressures used in this work. The

plots are shown in the insets of Fig.5 with added linear trend lines: The effect of pressure on
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crystalline quality can be assessed by reading the graph along a vertical line of constant film
thickness. It is seen that for both the ZnO and AZO films crystalline quality is significantly better
at the oxygen pressure of 75 mTorr. While for the AZO films crystalline quality appears less
sensitive to oxygen pressure being almost pressure-independent at 150 and 300 mTorr. This is
also true for both the ZnO and AZO films of thickness less than or equal to 100 nm. From Fig.3
(AFM data), we note that for these films the lateral grain size is of the same order as the
thickness. Thus, the films crystalline structure is likely to be initially dominated by the
unfavourable interface between the cold amorphous Zeonor surface and the ZnO and AZO
nanocrystals. Further film growth atop ZnO or AZO material will then favour better lattice
reconstruction minimising surface energy by favouring c-axis orientation. This accounts for the
general increase of crystalline quality with thickness seen in the inset of Fig.5. For AZO, the
point defects introduced by the aluminium dopant will also play a role in this regard as the
thickness increases (see pole figure data below). The complete set of data of Fig.5 points to the
enhanced crystalline quality of the ZnO material compared to the AZO material in films grown

on thin amorphous Zeonor plastic substrates at room temperature.

The 26 angular position and full width at half maximum (FWHM) of the (002) peak as
well as the c-axis length are given in Table 1 for all the samples. For reference, we have also
measured with the same apparatus, shown in Fig.5 with scale downed intensity, a 20 value of
34.45° for a 0.5 mm thick c-axis oriented ZnO single-crystal wafer (Tokyo Denpa). We use the
(002) peak FWHM values and 20 angular positions to estimate the samples crystallite size and
residual stress, respectively, The average crystallite size D can be calculated [50] using Scherrer

equation D = M, where A = 0.15425 nm is the wavelength of the Cu K, line, g is the

B €080,
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Bragg angle and g, = \/ ( ,’1’}(‘;‘”)2 —( ,’;’Z”)Z is the 20 FWHM of the ZnO (002) peak after removal

of the instrumental broadening assuming Gaussian line profiles. The instrumental contribution is
estimated from the value of the 20 FWHM for the (002) peak of the single-crystalline ZnO wafer
measured at 0.167°, thus, assuming an essentially infinite “crystallite” size for this sample. The
corresponding graphs are shown in Fig.6 from which we see that crystallite sizes are in the
ranges 20 — 25 nm and 12 — 18 nm for the ZnO and AZO films, respectively. Overall, the larger
D values observed for the ZnO samples are further evidence of the better crystalline quality of
the ZnO compared to the AZO material. The small variations of D observed with oxygen
pressure and sample thickness in the measured ranges appear not significant being roughly
within or just outside of the error bars (relative error of about 5% on D for the strongest peak of
Fig.5). The present as-grown crystallite size values are similar to literature values obtained in
comparable experimental conditions, with additional temperature anneals applied by some of the
authors. Zhu et al. [37] report values of 15 and 25 nm for 50 and 225 nm thick ZnO films,
respectively, grown at an oxygen pressure of 12 Pa (~100 mTorr) on glass substrates heated at
350 °C. In the present case of Zeonor substrates, the increase in crystallite size with ZnO film
thickness seen in [37] is not retrieved, while the same increase with oxygen pressure reported in
[34] is broadly confirmed here. A mean crystallite size of about 23 nm for ~250 nm thick AZO
films grown on PET substrate at RT and oxygen pressure of 0.4 Pa (3 mTorr) is reported in refs
[6,38], while this is around 10 nm for 500 nm thick AZO films grown on glass substrates at RT
and 10 Pa (75 mTorr) oxygen pressure [36]. The small increase in crystallite size with film
thickness reported in [6,38] is also observed in the present work, while the general trend of a
larger AZO crystallite size with decreasing pressure shown in [35,36] is generally followed here

for AZO films on Zeonor substrates.
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The residual stress in the ZnO film plane o is proportional to the strain along the c-axis in the

biaxial strain model and can be estimated from equation (1)

o= 454100 €7D (1)

Co
where ¢ and ¢y are the c-axes length of the strained and relaxed ZnO crystal, respectively [51].
The c-axis length and stress values of all the samples are shown in Table 1 and Fig.7,
respectively. As the films are grown at RT, thermal stress components are neglected. The
experimental value of the c-axis length for the ZnO single-crystal wafer is taken as the ¢, value
of 0.5207, nm. This is obtained from values of 2092y = 34.45,° and A = 0.15425 nm and matches
accurately the ZnO c-axis length of 0.520690 nm (JCPDS card number 36-1451) when rounded
off to the third decimal place. This shows that the film stress values estimated from the measured
change in the length of the c-axis are significant and reliable. A pointing error of + 0.005° on the
Bragg angle value yields an absolute error of £ 0.0002 nm on the c-axis length. The
corresponding relative errors on the c-axis strain/film stress amount to about 5% and 15% for c-
values of 0.5244 nm and 0.5220 nm, respectively. From equation (1), it is seen that this relative
error gets larger as the c-axis length gets closer to ¢y, while a negative o value indicates a film
in a compressive state of stress with its c-axis length larger than cy. Fig.7 shows that the ZnO and
AZO films are in a compressive state of stress with o values of —(2-3) GPa and -0.5 GPa,
respectively. The AZO films follow a similar trend. It is also seen that the stress has changed
from compressive to tensile in the case of the AZO films grown at 300 mTorr (see below the
discussion of pole figures). For all the films, except the latter, the stress values decrease linearly
with film thickness at a given pressure indicating a relief of in-plane stress for the thicker films.
Overall, the ZnO films grown at the lower oxygen pressure of 75 mTorr have less in-plane

compressive stress than those grown at the higher pressures of 150 and 300 mTorr. These
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observations are consistent with our previous conclusions on both crystalline quality and growth
mechanisms. The compressive stress values for the ZnO films on Zeonor substrates are
comparable with those (~ -2 GPa) in the work of Maniv et al. [51] in which RT glass substrates
were used, but differ from those of Zhu et al. [37] and Novotny et al. [52] in which tensile stress
values of ~ 0.3 and 0.9 GPa were found for ZnO deposited on glass. Deposition temperatures of
~ 350 °C were used in these last two works as well as a 750 °C oxygen anneal in [52]. Thus,
deposition and processing temperatures significantly larger than RT can lead to different
mechanical states for a ZnO film. For AZO films, the compressive stress diminishes compared to
ZnO due to the smaller ionic radius of Al’* substituting on the Zn”" sites. The & or c—axis length
values obtained here for AZO on Zeonor substrates are similar with comparable works quoted
previously [6,10,36].

In order to investigate further the effects of deposition pressure on the texture and c-axis
orientation of our ZnO and AZO thin films, we have measured the corresponding (002) pole
figures for the selected samples Z3, Z9, A3 and A9 (same as in Fig. 2). The results are shown in
Fig.8. The ZnO pole figures show high circular symmetry with narrow widths of 20° (75 mTorr)
and 22° (300 mTorr) indicating a uniform alignment of the c-axis with small angular distribution
about the substrate surface normal. The narrower and more intense pattern for sample Z3
suggests that the 75 mTorr deposition pressure creates better textured ZnO films. Kim et al. [24]
have reported similar observations for Al and Ga doped ZnO films grown by RF sputtering. The
AZO films appear to also follow this trend although the pole figures are much broader with
widths of 34° (75 mTorr) and 54° (300 mTorr) indicating large variations of the c-axis
orientation about the surface normal in the doped films. For sample A9 (AZO, 300 mTorr) the

pole figure intensity maximum is split and off-centered indicating an overall tilt of the c-axis by
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about 5° with respect to the normal to the substrate surface. It has been shown that the state of
stress in this sample was uniquely tensile as opposed to compressive for all the other ZnO and
AZO films. From the pole figure study, we can conclude that both Al-doping and deposition
pressure have noticeable effects on the c-axis orientation of thin ZnO films deposited on Zeonor
substrates indicating the sensitivity of the growth mode to these two parameters. We note here
that Takayanagi et al. have shown recently that tilted c-axis ZnO layered structures can be used
as ultrasonic transducers [53] and our work thus shows an experimental route for the fabrication

of such structures.

3.5 Optical properties
The effect of deposition pressure on the optical properties/quality of the ZnO and AZO films
of different thickness has been studied using UV-vis absorption spectroscopy and low

temperature photoluminescence spectroscopy.

3.5.1 Transmission studies

The transmission spectra of the ZnO and AZO samples, referenced to the bare Zeonor
substrate (visible transmission of 90%), are shown in Fig.9. All the spectra show the absorption
onset behavior characteristic of the direct band gap of ZnO consisting of almost complete
transparency in the visible region followed by a sharp cut off in the near ultraviolet, around 370
nm for ZnO and 350 nm for AZO, and almost complete absorption at the shorter wavelengths.
All the samples are characterised by a visible transparency of at least 85-90% and this can even

be greater than 95% for some samples. The enhancement effect of multiple interferences due to
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multiple reflections at the air/ZnO-AZO/Zeonor/air interfaces is clearly present and indicative of

the high sharpness of these interfaces.

It has been shown by several authors [52,54] that the commonly used method for

determining the “optical band gap” E;” based on an extrapolation to =0 of the linear part of

the o vshv graph, where o andhv are the absorption coefficient and photon energy

respectively, systematically underestimates the value of E”, due to the presence of excitonic

and other effects in ZnO which the Tauc model does not take into account. In addition, this
method can lead to significant absolute errors for thick films (100 nm or greater) as the
transmission values at the higher photon energies are then much less than a few percents and
contain significant noise. We have thus evaluated the absorption edge energy from the
transmission spectra using the following procedure to ensure a consistent approach allowing
discussion of systematic trends. In the vicinity of the absorption edge, the ZnO and AZO layers
are heavily absorbing and the transmittance assumes a simple exponential form from which the
value of the absorption coefficients can be estimated with the knowledge of the layer thickness
[10,55]. Typical results, showing @ in cm™ as a function of hv in eV on a semi-log plot, are
shown in the insets of Fig. 9 (for Z3 and A3 samples). It is seen (for ZnO) that the value of « is
around 1.3x10° cm™ near the edge without any distinct excitonic structure as would be expected
in un-annealed samples [56]. For all the other samples, we found values of « in the
(0.9-2.0)x10° cm™ range near the absorption edge which, thus, fall in the expected domain [54].
The value of the absorption edge can be estimated from semi-log plots of & vshv [57,58]. We
have applied the graphical method depicted in the insets of Fig.9 systematically to all the ZnO

and AZO samples data to estimate their fundamental absorption edge energy (with +1% relative
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error). In the following, we treat these absorption edge values as our best estimation of the
optical band gap values although we cannot properly take into account the 60 meV exciton
binding energy and thus we still slightly underestimate the band gap. The results are shown in
Fig.10 from which it is seen that the absorption edge energy of all the ZnO films is almost
constant near an average value of 3.34 eV. This is just slightly less than the 3.37 eV band gap
energy of bulk ZnO at room temperature [54] and thus confirms the validity of our method of
estimation of the band gap energy. The variations of the ZnO optical band gap energy as a
function of thickness and deposition pressure are observed to be mild. This behaviour of the band
gap energy is compatible with the relatively small variations of the stress and grain size values
on deposition pressure and thickness that we have discussed in the previous sections. In the
comparable PLD works of Zhu et al. [34,37] and Novotny et al. [52], “Tauc band-gap” energies
of 3.25 eV and 3.28 eV for ZnO films of similar thickness are reported and discussed by the
authors. For the AZO films a more dispersed pattern is observed on Fig.10 with values varying
between 3.48 eV and 3.60 eV about a mean of 3.54 eV, larger than ZnO, as expected, as a result
of the increased n-type dopant concentration. As the electron carrier densities measured (see
Section 3.6 below) are typically much lower than the ZnO critical density of ~10" c¢m™, the

observed band gap widening for AZO can be largely attributed to the Burstein-Moss shift

[10,11,59]. Use of the Tauc plot method to determine E;” in AZO (2 wt% Al,Os) gave values of

3.68 eV for RT deposition on PET substrates [6], 3.4 eV for RT deposition on glass substrates
[35] and 3.45 eV for 400 °C deposition on fused quartz substrates [10]. Our data lies within this
spread of literature values. From Fig.10, the band gap energies for the 300 mTorr AZO films are
seen consistently lower than for AZO films grown at the lower pressures and this can be related

to our previous observation of a significant compressive to tensile change in the in-plane stress
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for 300 mTorr AZO films. This behavior is similar to that reported by Mohanty et al. [60]. A
trend whereby the AZO optical band gap slightly decreases in a linear fashion with film
thickness is just discernable above the error margin in Fig.10. Again, this could be related to the

corresponding grain size/stress behaviours discussed above.

3.5.2 Photoluminescence studies

Fig.11 shows the low temperature (13 K) photoluminescence spectra of the thickest
(20,000 laser shots) of our ZnO and AZO thin films (samples Z3, Z6, Z9 and A3, A6, A9) for the
three pressures of 75 mTorr, 150 mTorr and 300 mTorr used in this work. The spectra of the
ZnO films show the characteristic near band edge (NBE) emission in the near UV emission and
the deep-level emissions (DLE) in the visible spectrum composed of the yellow (2.2 eV) and
orange/red (1.9 eV) bands. The NBE band is due to excitonic recombinations while the yellow
and orange/red DLE emissions are defect bands usually attributed to oxygen interstitials [61-63].
The NBE bands are significantly more intense than the defect bands at any deposition pressure,
testifying to the good optical quality of the ZnO material in the films. It is seen that the NBE
peak emission wavelength shifts from 392 nm to 385 nm when the oxygen pressure increases
from 75 mTorr to 300 mTorr. As this 7 nm wavelength shift is small, it cannot be conclusively
correlated with the equally small differences in energy gap seen in Fig.10 for these samples.

For the AZO films, a strong NBE band is observed for all the oxygen pressures with a
complete quenching of the deep level emissions. This effect is known and several reasons have
been invoked in the literature to explain the absence of DLE in AZO films, see e.g. [64], though,
to the best of our knowledge no consensus has yet been reached. We put forward one plausible
explanation for the quenching of the DLE band in AZO. Native defects in ZnO, such as the

oxygen interstitials responsible for the DLE, have higher formation energy in AZO than in ZnO
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due to the presence of aluminium which has a very strong chemical affinity for oxygen. Thus,
oxygen displacement from its normal binding site is energetically less favorable in AZO
compared to undoped ZnO. The concentration of oxygen interstitials may then be reduced when
Al is incorporated during growth and hence no DLE is observed in AZO films. The AZO NBE
peak emission wavelengths have blue-shifted to around 380 nm which is consistent with our
previous observation of an increased band gap energy for AZO. Finally, we note that the NBE
emission intensity is significantly reduced for the 300 mTorr AZO sample indicating that the
optical quality of the material is highly sensitive to the oxygen deposition, in accord with the

markedly different structural and mechanical properties already noted for this sample.

3.6 Electrical properties

Fig.12 shows the electrical properties of the ZnO and AZO samples in the form of the
variations of Hall mobility and carrier concentration with film thickness for the various
deposition pressures while the resistivity values are given in Table 1. It is worthwhile recalling
here that all the measurements were carried out on the as-grown films without any thermal
annealing or carrier activation treatments. For the ZnO films deposited at 75 mTorr, high
resistivity values of 5x10° Q cm (85 nm film), 2x10* Q em (169 nm film) and 4x10° Q cm (340
nm film) and carrier concentrations < 10’ cm™ were typically obtained. Hall effect measurements
on these highly resistive samples turned out to be too noisy and unreliable. The 75 mTorr ZnO
samples typically exhibit semi-insulating behavior. For the ZnO samples grown at the higher
pressures of 150 mTorr and 300 mTorr, resistivity values tend to drop by 2-3 orders of
magnitude, down to 1.5x10% Q ¢cm (92 nm thick sample at 150 mTorr), although some remain

high, for example 2x10* Q cm (209 nm thick sample at 300 mTorr). Hall mobility values for
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these samples are all around 1 cm?/V s, whereas n-type carrier concentration values vary
between 5x10' cm™ and 5x10'¢ cm™. Overall, the electrical behavior of the ZnO/Zeonor
samples varies significantly from semi-insulating to n-type semiconducting as a function of the
oxygen deposition pressure. This pattern for ZnO thin films deposited by PLD under similar
oxygen pressure conditions has been observed by many workers; see for example, Grundmann et
al. [65].

As expected, the electrical properties of the AZO thin films tend to show an improved
conductive behavior compared to ZnO. Notably, the resistivity values have all dropped
significantly at all growth pressures and are mostly found in the range 4x10* Q cm - 2x10° Q cm
for the lower pressures of 75 mTorr and 150 mTorr and around 9x10° Q cm for the films grown
at 300 mTorr. Hall mobility values are significantly increased in AZO compared with ZnO, with
the bulk of the values found in the range 4 - 14 cm?/V-s with n-type carrier concentrations in the
range 10" cm™ - 5x10'® cm™. The data of Fig. 12 show that resistivity values tend to increase
with both pressure and film thickness. The strong dependence of the resistivity of as-deposited
AZO films grown by PLD at RT on glass with oxygen pressure was shown in ref [35], with the
resistivity tending to insulator values at pressures of 10 Pa (75 mTorr) and greater. This
behaviour is also verified in our work. Lu et al. [10] have also shown that the AZO electrical
properties depend critically on the Al concentration with increase in resistivity from 10~ Q cm to
100 © cm when the concentration drops from about 3 at% to 1.5 at%. The AZO Hall mobility,
resistivity and carrier density values reported in the present work are generally compatible with
those of ref [10]. The 4 - 14 cm?/V-s Hall mobility values for the AZO films obtained here would
be suitable for use in transparent flexible thin film transistor applications [5], for example. For

applications requiring transparent conductive oxide (TCO) properties, the AZO resistivity would
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be significantly lowered (by a couple of orders of magnitude) and match that of other works on
plastic substrates [6,12,15], by (i) carrying out the depositions at oxygen pressures in the 0.1 — 1
Pa (0.75 mTorr- 7.5 mTorr) range and (ii) non-thermal post-processing of the films using laser

annealing [66].

4. Conclusions

In this work, we have shown for the first time that ZnO and Al-doped ZnO (AZO)
nanocrystalline thin films with high material quality can be reproducibly grown on flexible
Zeonor plastic substrates using pulsed laser deposition at room temperature. We have also
systematically studied the effects of oxygen in a selected pressure range on the growth rate,
surface morphology, hydrophobicity and the structural, optical and electrical properties of films
having different thicknesses.

All the films were observed to have the same nanostructured morphology. This was shown to
be compatible with existing film growth models based on the capture by the Zeonor substrate of
nanoclusters that have condensed in the expanding ablation plume. Highly linear growth rates
were obtained showing that ZnO and AZO films with identical properties can be reproducibly
deposited using the PLD technique. The deposition of ZnO or AZO films was shown to
significantly enhance the hydrophobicity of the Zeonor plastic surface. All the films were
nanocrystalline (wurtzite structure) with high texture (c-axis orientation) and good crystallinity.
Their optical quality was good: All the ZnO and AZO films displayed high visible transparency,
greater than 95% in some cases, while their low temperature photoluminescence spectra showed
intense near band edge emission. A considerable spread from semi-insulating to n-type

conductive was observed in the ZnO and AZO films electrical behavior, with marked
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dependences on film thickness and oxygen deposition pressure. The resistivity values of
typically around 10° ©Q cm and Hall mobility values in the range 4 - 14 cm®/V's showed that the
Zn0O and AZO films would be suitable for applications in flexible sensors, transducers and
transparent thin film transistors. As Zeonor plastics are used in many healthcare and medical
applications, our work has shown convincingly that ZnO and AZO electrodes on Zeonor flexible
substrates could be used advantageously in microfluidic, bio-sensing or biofuel-cell energy

applications, for example.
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Table 1. Experimental parameters (number of laser shots and oxygen pressure) used for the
pulsed-laser deposition of ZnO and AZO films on Zeonor substrates. The resulting thickness, 20
angular position, FWHM of the (002) Bragg reflection, value of the c-axis length and resistivity
are given for each film.

Sample | No. of | Oxygen | Thickness | 20 C- FWHM | Resistivity
label laser pressure | xerror (deg) | parameter | (deg) 3
shots | (mTorr) | (nm) (nm) (10
Q cm)
Z1 5000 |75 85+10 34.25 | 0.5238 0.39 462
Z2 10000 |75 169+22 34.27 | 0.5235 0.42 17
Zn0 Z3 20000 |75 340+18 34.34 | 0.5225 0.44 452
Z4 5000 150 92+23 34.21 | 0.5244 0.38 0.15
Z5 10000 | 150 190+37 34.23 | 0.5240 0.41 0.49
Z6 20000 | 150 382174 34.24 | 0.5240 0.43 17
Zi 5000 300 97+23 34.21 |0.5243 0.38 0.83
Z8 10000 | 300 209+43 34.27 ]0.5235 0.41 22
Z9 20000 | 300 42246 34.26 | 0.5236 0.41 1.8
Al 5000 75 6717 34.34 | 0.5224 0.52 0.49
AZO A2 10000 |75 131+13 34.40 |0.5216 0.52 2.0
A3 20000 | 75 263+28 34.45 |0.5208 0.49 2.1
A4 5000 | 150 74423 34.40 |0.5216 0.49 0.39
A5 10000 | 150 140+10 34.48 | 0.5204 0.49 0.97
Ab 20000 | 150 289+7 34.46 | 0.5207 0.46 0.75
A7 5000 300 86+26 34.48 | 0.5204 0.70 6.9
A8 10000 | 300 199+54 | 34.48 | 0.5204 0.66 11
A9 20000 | 300 41514 3452 |0.5198 0.64 21
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Figure 1. Thickness of ZnO (closed symbols, solid lines) and AZO (open symbols, broken lines)
thin films, grown by pulsed-laser deposition, on Zeonor substrates as a function of the number of
laser shots (repetition rate 10 Hz) for oxygen ambient pressures of 75 (black), 150 (red) and 300
mTorr (blue). The inset shows the corresponding ZnO and AZO film growth rates (nm/s) as a

function of oxygen pressure (mTorr).
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Figure 2. AFM images showing the typical surface topography of a selection of ZnO (upper
row) and AZO (lower row) films obtained in this work (samples Z3, Z9, A3 and A9). The films
were grown by pulsed-laser deposition on Zeonor substrates using 20,000 laser shots at ambient
oxygen pressures of 75 mTorr (left-hand column) and 300 mTorr (right-hand column). The insets
show the same surfaces on a more magnified scale to reveal the finer details of the
nanostructured grains.

33



250

200

1
a

150

1
=

100

1
N

50

250 N 1 M 1 i 1 M 1 " 1 n 1 " 1 M 1

o

RMS rBughness (nm)

200 |- . o

Grain size (nm)

150

100

-7 Y AU R [N RN NP SN I SR
50 100 150 200 250 300 350 400 450

Thickness (nm)

Figure 3. Grain size (closed symbols, solid lines) and rms roughness Ry (open symbols, dashed
lines) as a function of film thickness for ZnO and AZO thin films deposited by pulsed-laser on
Zeonor substrates at ambient oxygen pressures of 75 (black), 150 (red) and 300 mTorr (blue).
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Figure 4. Water contact angle as a function of film thickness for ZnO and AZO thin films
deposited by pulsed-laser on Zeonor substrates at ambient oxygen pressures of 75 (black), 150
(red) and 300 mTorr (blue).
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Figure 5. 20-0 x-ray diffraction scans for ZnO and AZO thin films deposited by pulsed-laser on
Zeonor substrates with 5000 (dotted lines), 10000 (dashed lines) and 20000 (solid lines) laser
shots at ambient oxygen pressures of 75 (black), 150 (red) and 300 mTorr (blue). The insets
show: (top left) an extended angular range including the amorphous Zeonor diffraction and
wurtzite ZnO (002) diffraction peaks; (top and bottom right) the integrated intensities of the
(002) peaks as a function of film thickness for the various oxygen pressures used in this work.
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Figure 6. Crystallite size as a function of film thickness for ZnO and AZO thin films deposited
by pulsed-laser on Zeonor substrates at ambient oxygen pressures of 75 (black), 150 (red) and
300 mTorr (blue).
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Figure 7. In-plane film stress (GPa) as a function of film thickness for c-axis oriented ZnO and
AZO thin films deposited by pulsed-laser on Zeonor substrates at ambient oxygen pressures of
75 (black), 150 (red) and 300 mTorr (blue).
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Figure 8. Perspective view of the (002) x-ray pole figure for a selection of ZnO (upper row) and
AZO (middle row) films obtained in this work (samples Z3, 79, A3 and A9). The films were
grown by pulsed-laser deposition on Zeonor substrates using 20,000 laser shots at ambient
oxygen pressures of 75 mTorr (left-hand column) and 300 mTorr (right-hand column). The psi
scale varies between -90° and 90°. The lower panel is a planar projection of the A9 figure on an
enlarged psi scale to show the details of the peak splitting.
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Figure 9. Optical transmission spectrum in the 300 — 800 nm wavelength range for ZnO and
AZO thin films deposited by pulsed-laser on Zeonor substrates with 5000 (dotted lines), 10000
(dashed lines) and 20000 (solid lines) laser shots at ambient oxygen pressures of 75 (black), 150
(red) and 300 mTorr (blue). The insets show the absorption coefficient as a function of photon
energy in the immediate vicinity of the ZnO (Z3 sample) and AZO (A3 sample) fundamental
absorption edges and the graphical method employed in this work to determine the value of the
later.
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Figure 10. Fundamental absorption edge energy as a function of film thickness for ZnO and

AZO thin films deposited by pulsed-laser on Zeonor substrates at ambient oxygen pressures of
75 (black), 150 (red) and 300 mTorr (blue).
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Figure 11. Low temperature (13 K) photoluminescence spectrum for ZnO and AZO thin films
deposited by pulsed-laser with 20000 laser shots on Zeonor substrates at ambient oxygen
pressures of 75 (black), 150 (red) and 300 mTorr (blue).
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Figure 12. Hall mobility (closed symbols, solid lines) and carrier concentration (open symbols,
dashed lines) as a function of film thickness for ZnO and AZO thin films deposited by pulsed-
laser on Zeonor substrates at ambient oxygen pressures of 75 (black), 150 (red) and 300 mTorr
(blue).
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