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We report a comparison of the role played by different sample treatments, namely, a low-temperature
hydrothermal treatment by hot H2O vapor in an autoclave versus thermal annealing in air on the properties of
ZnO films grown by electrochemical deposition (ECD). Scanning electron microscopy studies reveal a
homogeneous micro-columnar morphology and changes in the film surface for the two different treatments.
It is found that post-growth hydrothermal treatments of ECD ZnO films at 150 °C under an aqueous
environment enhance their structural and optical properties (photoluminescence, transmission, Raman
spectra, etc.) similar to thermal annealing in air at higher temperatures (N200 °C). The modifications of the
structural and optical properties of ZnO samples after thermal annealing in air in the temperature range of
150–600 °C are discussed. The removal of chlorine from the films by the hydrothermal treatment was
evidenced which could be the main reason for the improvement of the film quality. The observation of the
enhanced photoluminescence peak at 380 nm demonstrates the superior properties of the hydrothermally
treated ZnO films as compared to the films annealed in air ambient at the same or higher temperature. This
post-growth hydrothermal treatment would be useful for the realization of high performance optoelectronic
devices on flexible supports which might not withstand at high temperature annealing treatments.
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1. Introduction

Zinc oxide is an important wide-bandgap semiconducting material
with numerous applications due to its unique physical and chemical
properties [1–6]. In the past decades, it was demonstrated that post-
growth treatments of ZnO in different atmospheres (e.g. air, O2, H2, N2,
etc.) at high temperature can lead to a substantial improvement of its
structural, electrical and optical properties. The effect of thermal
annealing treatments in conventional furnaces, rapid thermal anneal-
ing, and rapid photo-thermal processing on the properties of ZnO thin
films [1–8] grown on different types of rigid substrates (e.g. Si, GaN,
Al2O3, glass, indium-doped tin-oxide (ITO), fluorine-doped tin-oxide
(FTO), etc.) have been investigated. However, recently, an increased
interest in flexible plastic substrates (FPS) has arisen due to their cost-
efficiency, light-weight, robustness, and the possibility of integration in
flexible electronic and optoelectronic devices (e.g. smart cards &
displays, etc.) and transparent electronics with higher functionality
[8–11]. Therefore, a synthesis technique and gentle post-growth
treatment, compatible with FPS (which is damaged at temperatures
above 180–200 °C), has to be identified. In addition, such treatments
should also lead to the same improved structural and light emission
properties observed for high-temperature annealed microcrystalline
ZnO thin films presently used in short-wavelength optoelectronic
devices, solar cells, field-effect transistors, light emitting diodes and in
sensing applications [11–20].

ZnO thinfilms andmicrostructures havebeen synthesizedby avariety
of processes [13,20–22] and subsequently treated to improve their optical
properties and to fabricate higher performance devices. Among these,
electrochemical deposition — ECD [23,24] is a low temperature process
compatible with different types of substrates, including FPS [7], known
to produce highly crystalline ZnO films of excellent electronic quality
[23–26]. In this context, microstructured zinc oxide can be considered
as a promising active material for various cost-effective optoelectronic
applications on flexible or elastic substrates [27–33].

In this work, we report the growth of ZnOmicro-columnar films by
an electrochemical method compatible with FPS. The zinc oxide films
are formed from vertically oriented micro-columns with the c-axis
perpendicular to the substrate. It is demonstrated that their structural
and optical properties can be enhanced by performing a post-
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deposition hydrothermal treatment at 150 °C under a water vapor
atmosphere in an autoclave. The improvement of their structural and
optical properties is significantly higher than that observed after a
conventional thermal annealing (CTA) in a furnace at the same
temperature in air. This post-deposition hydrothermal treatment is
proposed as an alternative to enhance ultraviolet (UV) emission from
ZnO films grown on flexible plastic substrates, which cannot be
subjected to annealing in a furnace at high temperatures.
2. Experimental details

2.1. Electrochemical deposition

ZnO thin films were prepared by the cathodic electrochemical
deposition — ECD method from a 5 mM ZnCl2 (Merck, 99%) aqueous
solution maintained at 70 °C or 85 °C. As supporting electrolyte, 0.1 M
of potassium chloride (KCl) (Fluka 98%) was employed to ensure a
good conductivity in the aqueous solution [6,7,25]. The ZnO thin film
was grown on a fluorine-doped tin-oxide coated glass with a sheet
resistance of 10 Ω/□. In addition, a reference sample was grown on
flexible polymer-based substrate— FPS coatedwith indium-tin-oxide.
FTO or FPS substrates were used as working electrodes (WE) in a
classical three electrode cell for electrochemical deposition. A
platinum spiral wire was used as the counter electrode (CE). The
distance between WE and CE was 3 cm, while that between the
reference electrode (RE) andWEwas 3.5 cm. Before electrodeposition
the FTO substrates were cleaned as reported in Ref. [6]. The only
differences in the substrate preparation as compared to our previous
reports [6,7] are the lack of immersion in HNO3 (45%) and the use of a
magnetic stirrer inside the reactor. Circulation of the electrolyte is
essential for our experiments, in order to reduce concentration
gradients at the electrode surfaces, to remove bubbles from the
electrode, and to allow a better temperature control. FPS substrates
were sequentially cleaned as is described in Ref. [7]. The pH of the
solutions was initially 5.5. The electrolyte (450 ml in volume) was
saturated with pure oxygen for 60 min prior to the electrolysis and the
O2-flow was maintained until the end of the growth process (63 min).
The ZnO thin films were deposited at a constant applied potential
(−1.0 V for FTO and −1.1 V for FPS), and the time dependence of the
current density, j, was recorded (not shown). After electrodeposition,
ZnO thin films were rinsed with deionized water (DI) to remove un-
reactedproducts fromthe surface of thefilms, dried in air, and cut into six
pieces for the different characterization experiments reported here.
Samples grownat70 °Cand85 °Cweremarkedas#70and#85(Table1),
respectively. The post-deposition hydrothermal treatment (AUT) was
carried out at 150 °C in a stainless steel autoclave with a certain quantity
of deionized water inside. A 100 mL Teflon inner liner was used and the
sample was maintained 3 cm above the DI water surface to avoid direct
contact between ZnO and water. We used two conditions of hydrother-
Table 1
Description of the sample synthesis parameters and post-growth treatment.

Sample
grown at

Type of post-growth annealing/treatment

— AUT — hydrothermal treatment in an autoclave under a hot water
vapor atmosphere;

— CTA — conventional thermal annealing in a furnace in air
atmosphere.

As-Grown AUT AUT CTA CTA CTA
1 2 150 °C 400 °C 600 °C

70 °C/FTO #70As-Gr #70AUT1 #70AUT2 – – –

85 °C/FTO #85As-Gr #85AUT1 #85AUT2 #85T150 #85T400 #85T600
80 °C/FPS #80As-Gr #80AUT1 #80AUT2 #80T150
mal treatment (called AUT1 and AUT2) by adding different quantities of
DI H2O (18.2 MΩ cm) in the autoclave, 4 and 15 ml, respectively. The
absolute pressure in the autoclave was about 476.2×103Pa at 150 °C
according to steam tables. We have observed that placing the sample in
the water for the treatment should be avoided because it resulted in a
substantial morphological change with the formation of agglomerated
crystallites due to ZnOdissolution–crystallization processes. The samples
after AUT treatment under DI H2O vapor atmosphere were compared
with those after conventional thermal annealing treatments in a furnace
in air at 150 °C, 400 °C and600 °C for 1 h. ZnOfilms grownat70 °Cwill be
compared only to as-grown, AUT1, and AUT2 samples, since the samples
annealed at 150 °C, 400 °C and 600 °C have already been reported in our
recent work [6].
2.2. Characterizations of electrochemically deposited ZnO
microstructured films

Phase identification of the ECD ZnO films was done with an X-ray
diffractometer (XRD) Siemens D5000 (with 40 kV and 45 mA, CuKα
radiation with λ=1.5406 Å). Based on Lorentzian and Gaussian line-
shapes fittings, the peak position and full width at half-maximum
(FWHM) were obtained. The crystallinity of the ZnO films was
estimated by determining the ratio of the integrated intensity of all
XRD peaks as reported before [34], and the comparison of this ratio
with the ratio obtained for commercial zinc oxide powder, for which
100% crystallinity was assumed.

The morphologies of the samples were investigated using a high-
resolution Ultra 55 Zeiss field emission gun scanning electron
microscope (FEG-SEM) at an acceleration voltage of 10 kV. Energy
dispersive X-ray spectroscopy (EDX) analyses were realized with a
Bruker Li-drift silicon detector.

The ex-situ prepared sampleswere subsequently transferred into an
ultrahigh vacuum system (UHV) for electronic/chemical characteriza-
tion. All investigations were performed in a modular UHV system
(SPECS GmbH) specially designed for the preparation and characteri-
zation of nanoscaledmaterials. The analysis chamber is equippedwith a
hemispherical electron energy analyzer (Phoibos 100) and dual-anode
(Al-Kα, 1486.6 eV and Ag-Lα, 2984.4 eV) monochromatic X-ray source
(XR50, SPECS GmbH) for X-ray photoelectron spectroscopy (XPS). The
base pressure in this chamber is 1×10−8 Pa. In our studies, Al-Kα
radiationwas used. Details of the experimental procedures can be found
in our previous reports [5,6].

Secondary ion mass spectrometry (SIMS) was used for the analysis
of the Cl content in our samples because of its excellent sensitivity
and depth resolution [6]. SIMS measurements were carried out with a
Physical Electronics ADEPT 1010 quadrupole analyzer with a 3 keV Cs+

primary beam at 60° from normal. The typical primary beam current
was 25 nA. The primary beamwas raster over a 300 μmby 300 μmarea,
with detection of negative secondary ions from an area of 100 μm by
100 μm at the center of the scanned area. Optical transmission and
absorptionhavebeen studied according to the experimental procedures
which were described in previous reports [6].

The continuous wave photoluminescence (PL) was excited by the
351.1 nm line of a Spectra Physics Ar+ laser. The emitted light was
collected by using a lens and was analyzed with a double spectrometer
ensuring a spectral resolution better than 0.5 meV. The signal was
detectedby aphotomultiplierworking in thephoton countingmode. The
laser power for the PL excitation was about 15 mW in an excitation spot
with the diameter of 1 mm. The samples were mounted on the cold
station of a LTS-22-C-330 optical cryogenic system. Raman scattering
measurementswere performedat room temperaturewith aHoriba Jobin
Yvon LabRam IR system in a backscattering configuration. A 632.8 nm
line of a He–Ne laserwas used for off-resonance excitationwith less than
4 mW power at the sample. The instrument was calibrated to the same
accuracy using silicon and a naphthalene standards.



Fig. 1. The XRD patterns of ZnO thin films electrochemically grown on FTO at 70 °C
(a) and 85 °C (b). Curve (1) denotes the as-grown sample; (2) the hydrothermally
treated sample (AUT1) at 150 °C, and (3) the hydrothermally treated sample (AUT2) at
150 °C in water vapor. Representation of the degree of crystallinity of the ZnO films ECD
at 70 °C, 85 °C on FTO substrates and at 80 °C on FPS and the effect of post-deposition
treatment CTA or hydrothermal treatment at 150 °C (c).
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3. Results and discussions

3.1. Structural and morphological-characterizations of ZnO thin films

The crystal structure and preferential orientation of ZnO thin films
on FTO substrates were studied by XRD. Fig. 1 shows that electro-
deposited ZnO films are strongly textured, with the (002) reflection
dominant in the sample grown on FTO. The intensity of the peaks
relative to the background demonstrates high purity of the hexagonal
ZnO phase and high crystallinity of these samples. All observed Bragg
reflections are consistent with the Wurtzite's structure (P63mc space
group). It can be seen that electrodeposited ZnO shows a sharp XRD
main peak at ~34.4°, suggesting that the ECD growth at 70 °C and
85 °C is along the c-axis normal to the substrate. However, the
intensity ratio {I(002)(85 °C)}/{I(002)(70 °C)} is about 1.3, which
confirms that films grown at 85 °C have a more prominent texture
than those grown at 70 °C. Texture coefficient (TC) (see Table 2) was
calculated using a procedure described in Ref.[6].

The Lotgering factor (LF) [35], as a representation of the degree of
orientation of the ZnO films along the c-axis, has been determined from
X-ray diffraction patterns. The LF calculated from the intensities of XRD
peaks using the method described before [36] for the as-grown ZnO
films ECD at 70 °C and 85 °C equals 0.75 and 0.9, respectively. An
increase of the LF by about 10% and 9%, respectively, was observed for
samples after AUT treatments. Fig. 1c shows the crystallinity of the as-
grown ZnO films and post-deposition treated AUT and CTA.

From the detailed analysis of the XRD data (see Table 2 for details),
one can see that the intensity of the (002) peak is dependent on the
type of post-growth treatment (AUT in H2O vapor or CTA in air
ambient) and on the annealing temperatures of CTA, but retains the
preferential orientation with the c-axis normal to the substrate in all
studied cases.

The samples (#85) annealed CTA in air at 150 °C, 400 °C and 600 °C,
showed a slight change in the intensity of the (002) diffraction peak by
~9%, 18% and 12%, respectively, (see Table 2). The XRD patterns from
CTA samples did not show any other peaks (except ZnO or FTO as
indicated in Fig. 1) or changes, thus we are not showing them here to
avoid repetition. The signal intensity reaches a maximum value after
CTA annealing at 400 °C for 1 h as compared to the as-grown sample or
CTA sample annealed at 150 °C (not shown). This implies that the
crystallitequality changedbyannealing at 400 °C for1 h.However, if the
annealing temperature is further increased to 600 °C, then the intensity
of the (002) peak increases only by a factor of 1.12 (see Table 2) as
compared to the as-grown sample #85As-Gr. These results suggest that
the optimum temperature to obtain ZnOfilmswith goodquality via CTA
treatments in air is 400 °C (1 h).

However, the sample (#85AUT1) grown at 85 °C and hydrothermally
treated at 150 °C in water vapor medium, shows a larger change (~30%)
in the intensity of the (002)diffractionpeak, see Fig. 1, as compared to the
as-grown one. This can be explained by the improvement of the
crystallinity in sample #85AUT1 (see Fig. 1c). The latter can be attributed
to changes in theCl contentof theECDsamples, aswill bediscussed in the
following sections. The FWHM values of the (002) peak are about 0.094°
for the samples ECD at 70 °C. The FWHMvalues of the (002) peak of ZnO
films grown at 85 °C on FTO substrate are about 0.094° (Fig. 1b). A
relationshipbetween the intensity of thedominant (002)XRDdiffraction
peak and lattice parameters is shown in Table 2.

The lattice parameter d (002) in the un-strained bulk ZnO is about
2.602 Å [6], and the d (002) value of the as-grown ECD ZnO film at
85 °C is 2.608 Å, and after annealing at 400 °C and 600 °C is 2.601 Å
and 2.603 Å, respectively. After treating the AUT2 sample, the d(002)
is 2.602 Å, which is similar to un-strained ZnO. The lattice parameters
c and a obtained using standard procedures [6] are c=5.217 Å and
a=3.253 Å for sample #85As-Gr and c=5.210 Å and a=3.251 Å for
sample #85AUT1 (Table 2). For comparison, the un-strained ZnO
crystal lattice parameters are c=5.207 Å and a=3.250 Å [6]. Our
results are within that range. The value of the c/a ratio for sample
#85As-Gr was 1.604 and decreased to 1.602 for the hydrothermally
treated sample #85AUT1, which is in agreement with the reported
value for ZnO — 1.602 [6].



Table 2
Effect of post-growth hydrothermal treatment in water vapor medium and thermal annealing in air on the structural properties of electrodeposited ZnO thin films.

Type of post-growth
treatment or annealing
and temperature (°C)

X-ray intensity
of diffraction peak
(002) relative to
that of as-grown films

XRD (002) peak
position/degrees
shift relative to that
of as-grown films

d (Å) (002)
un-stress ZnO
bulk 2.602

a (Å) (100) c (Å) (002) TC(002)
texture
coefficient-TC

Pure ZnO 3.250 Pure ZnO 5.207

As-grown at 85 °C 1.00 34.35° 2.608 3.252 5.217 3.4
AUT1 1.29 34.40° 2.605 3.251 5.210 4.6
150 °C (+0.05°)
AUT2 1.24 34.43° 2.602 3.255 5.206 3.5
150 °C (+0.08°)
150 °C 1.09 34.41° 2.603 3.252 5.207 3.4
CTA (+0.06°)
400 °C 1.18 34.46° 2.601 3.252 5.201 3.8
CTA (+0.11°)
600 °C 1.12 34.43° 2.603 3.254 5.206 3.2
CTA (+0.08°)

#70
As-grown at 70 °C 1.00 34.35° 2.608 3.255 5.217 3.2
AUT1 1.32 34.43° 2.602 3.248 5.206 4.4
150 °C (+0.08°)
AUT2 1.20 34.42° 2.603 3.253 5.207 3.5
150 °C (+0.07°)
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At the same time, it is important tomention that the cell parameters
from as-grown ECD ZnO films (c=5.217 Å and a=3.253 Å, sample
#85As-Gr), demonstrate an expansion of the lattice parameter. The
slightly increased ‘a’ and ‘c’ parameters in our samples could possibly be
due to the residual Cl content and its incorporation into the structure of
the ZnO structure, as was observed before for ECD films [6,22,38]. It
would be expected when oxygen ions are replaced by Cl− ions because
of the larger ionic radius of chlorine (r(Cl−)=0.181 nm), in comparison
with thoseofO2− (r(O2−)=0.126 nm) andZn2+ (r(Zn2+)=0.074 nm)
[6,37]. The increase in the lattice parameters could also be caused by
interstitial incorporation of Cl− ions into the lattice. Similar changes
of c-parameter were observed by Laurent et al. [38] after thermal
annealing of ECD ZnO thin films prepared from a hydrogen peroxide
precursor on silicon substrate. However, in our experimental results,
lower values of a and c (c=5.210 Å and a=3.251 Å for #85AUT1)were
found for ECD ZnO films hydrothermally treated in water vapor, which
are very close to those of pure bulk ZnO. Also, after annealing of ZnO
at 400 °C in air, the lattice constants are a=3.252 Å, c=5.201 Å. This
suggests that hydrothermal treatment in H2O vapor affects the Cl
content in the ZnO thin films, which can be one of the factors leading to
the improvement of the crystal quality.

According to our previous data [6,23], a larger lattice deformation
was evidenced in ECD ZnO films grown at low temperature (70 °C) as
compared to samples ECD grown at 85 °C. From SEM images we could
not detect significant morphological changes in the as-grown and
annealed samples in air or H2O vapor. However, calculations revealed
slight changes in lattice parameters (Table 2). It was observed that the
crystallinity of the as-grown ZnO films increased from 37.8% to 46.0%
when the corresponding ECD growth temperature was raised from
70 °C to 85 °C (Fig. 1c). The crystallinity of samples was improved in a
greater degree by the AUT treatment as compared to the conventional
thermal annealing at 150 °C (see Fig. 1c).

In the EDX spectrum (not shown) of ZnO films electrodeposited on
a FTO substrate, features of Zn and O peaks from the ZnO film, as well
as Sn from the substrate (F:SnO2) were detected. The incorporation of
chlorine in the ZnO films was confirmed by EDX spectra, demon-
strating the presence of residual chlorine in the ZnO thin films
electrodeposited from a chloride medium. The chlorine content in the
as-grown zinc oxide thin films (grown at 70 °C) is about 3%, which is
in agreement with previously reported values [23]. A lower Cl content
(2.2%) was obtained in samples grown at 85 °C.
The effect of annealing on the [Cl]:[Zn] ratio was estimated by EDX
for the ECD ZnO thin film. After sample annealing at 400 °C and
600 °C, the chlorine signal in the EDX spectra decreased while it
remained constant in the titration method. According to the EDX
results, thermal annealing at 400 °C in air contributes to evaporation
of about 20% of Cl [6]. However, for samples hydrothermally treated at
150 °C (12 h) in an atmosphere of H2O vapor, the Cl content was
decreased significantly as compared to as-grown or air-annealed
samples (2 and 1.5, respectively). These data correlate with XRD
results (Fig. 1) and the lattice parameter values reported above. The
position of the (002) peaks of the annealed samples shifts towards
higher angles as compared to those of the as-grown samples. After
hydrothermal treatment the (002) peaks shift (see Table 1), showing
a decrease of the lattice parameters as compared to the as-grown ZnO
films, which can be correlated with the rearrangement of the atoms
in the lattice and the elimination of a large quantity of Cl ions from
ZnO in water vapor. This result may provide indirect evidence that
chlorine is incorporated into the crystal structure, causing the as-
grown ZnO crystal lattice to expand. Similar evidence was reported
before [39], suggesting that the chlorine ions likely substitute oxygen
in ZnO.

FEG-SEM studies were used to monitor the surface morphology of
the as-grown ZnO films and the role played by the different annealing
treatments. It can be seen that ZnO crystals fully cover the FTO
substrates (Fig. 2).

According to the top-view SEM images, Fig. 2, the films display a
micro-columnar morphology, with the radius of hexagonal faced
columns in the range 100–150 nm. These crystallites look like micro-
columns with preferential c-axis perpendicular to the substrate
surface (Fig. 2 b,e inserts). The crystal sizes were nearly the same
for ZnO films before and after thermal annealing, which is in
agreement with previous results for ZnO grown by chemical methods
[4,6,7]. These observations are in accordancewith the above XRD data.
However, significant morphological changes were observed for
sample #70AUT2, hydrothermally treated at 150 °C for 12 h at higher
water level (top-view, Fig. 2c). Such changes were not observed for
sample #85AUT2 grown at 85 °C (Fig. 2f). Some holes on the lateral
faces and on top of the ZnO crystallites were detected for samples
#85T400 and #85T600. These observations are similar to those
reported previously [6], and could be due to Cl incorporation in the
ECD ZnO thin films and its removal after CTA. However, the nano-



Fig. 2. SEM images of ECD ZnO thin films taken before and after different post-growth treatments: (a) as-grown at 70 °C; (b) AUT1, after a hydrothermal treatment at 150 °C for 12 h
in H2O vapor; the insert shows a cross-sectional view of the ZnO film; (c) AUT2 after a hydrothermal treatment 12 h at 150 °C, at higher H2O level; (d) as-grown sample at 85 °C
(plane view, scale bar is 5 μm); (e) AUT1 after a hydrothermal treatment at 150 °C, 12 h in H2O vapor; the insert shows a cross-sectional view of the ZnO crystallites; (f) AUT2, after a
hydrothermal treatment 12 h at 150 °C, at higher H2O level; (g) sample thermally annealed in air at 150 °C for 12 h; (h) sample thermally annealed in air at 400 °C for 1 h; (i) sample
thermally annealed in air at 600 °C for 1 h; the inserts in (g–i) shows a cross-sectional view of the ZnO crystallites. The scale bars are 500 nm for all images, except for (d), which is
5 μm and for all inserts are 200 nm.
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holes are smaller for samples grown at 85 °C than for samples ECD
at 70 °C. The nano-holes were not observed in sample #85AUT1,
hydrothermally treated at 150 °C (12 h) under lower H2O level, but
were seen in #85AUT2, suggesting that H2O vapor in larger quantities
interacts with the ZnO surfaces and lateral grains which induce
removal of ZnO and forming of nano-micro-holes.

As reported, before bulk ZnO can be decomposed at about 1950 °C [4],
while for nano-ZnO this temperature is expected to be lower. Based on
recent reports [4,6] there is no significant change in the sample
morphology up to 800 °C. In the current work, annealing was performed
at relative low temperatures (150 °C, 400 °C and 600 °C), and measure-
ments showed that the thickness of the films remains unchanged at
1.0 μm. It is necessary tomention that the values found for the grain sizes
at three different annealing temperatures are similar. The appearance of
nano-holes on the surface of the films after annealing in air at temper-
atures higher than 400 °C could be due to the removal of incorporated
chlorine in ZnO film and/or possible evaporation of chlorine-based
impuritieswith annealing. The chlorine content in the ECDZnO thinfilms
seems to be a key parameter for the understanding of the observed
morphological and structural changes. In this work, several techniques
such as EDX, XPS and SIMS have been employed in order to better
understand this issue and the distribution of Cl in the as-grown ZnO film
as well as in the films annealed in air and under a H2O vapor.
3.2. Micro-Raman scattering

Micro-Raman scattering was used to study annealing effects on the
crystal quality of ZnO films grown by ECD. Wurtzite ZnOwith C6v4 point
group symmetry demonstrates phonon modes E2 (low and high
frequency), A1 [(TO)-transverse optical and (LO)-longitudinal optical]
and E1 (TO and LO), all being Raman and infrared active. Nonpolar
phonon modes with symmetry E2 have two frequencies, E2high is
associatedwith oxygen atoms, and E2low is associatedwith Zn sublattice
[6,7,20]. Raman frequencies of both polar and nonpolar optical phonons
are shifted in the spectra obtained from ZnOmicrostructures compared
to their positions in the spectra from bulk ZnO. Fig. 3 shows the Raman
spectra of ZnO films ECD on FTO substrates, which were measured in
backscattering geometry in the as-grown and annealed samples.

Considering the exclusion of the reference FTO substrate peaks,
from both as-grown and air-annealed films, we observed three peaks
related to ZnO; the characteristic and strong E2(high and low) modes at
438–439 cm−1 and 100 cm−1, in addition to weak second-order 2E2
mode at 333 cm−1. Fig. 3 shows clear Raman peaks indicating that
different samples of ZnO films on FTO exhibit similar scattering peak,
demonstrating that they have identical crystal wurtzite structures as
confirmed by XRD. The higher E2(high) mode peak in annealed
samples indicates that the crystalline quality of the ZnO is improved

image of Fig.�2


Fig. 3. Raman spectra for as-grown and annealed ZnO thinfilms on FTO substrates. Curve
1 shows Raman spectra from the FTO substrate; 2 — as-grown sample; 3 — thermally
annealed at 150 °C; 4— hydrothermally treated AUT1; and 5— hydrothermally treated
AUT2. Graphs are for ZnO films (a) grown at 70 °C and (b) grown at 85 °C by ECD.

Fig. 4. Survey XPS spectra corresponding to ZnO films supported on FTO/glass substrates. Th
the graph.
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by annealing. After annealing, the sharpness and intensity of the E2
(high and low) modes and E1(LO) peaks increased. The Raman
spectrum of the ZnO films CTA annealed at 150 °C demonstrates
the good quality of the wurtzite crystal structure in the produced
material.

All samples exhibit similar scattering peaks, indicating that they
have identical crystal structures as confirmed by XRD. All the
scattering peaks are assigned to either ZnO or the FTO substrate.
These results are in agreement with XRD and EDX data.

The intensity of the Raman peaks relative to the background
demonstrates the high purity of the hexagonal ZnO phase synthesized,
and thehigh crystallinity of the samples,which is in accordancewith the
above results. However, the intensity ratio of the hydrothermally
treated AUT samples is larger than that of the CTA thermally annealed
one, which suggests that films are of higher quality after hydrothermal
treatment as compared to annealing in air. Similar resultswere obtained
for ZnO films grown on flexible substrates.

3.3. Chemical characterizations (XPS and SIMS) of ZnO films

To study the effects of hydrothermal treatment on the surface
composition and Cl concentration in ZnO thin films high-resolution XPS
and SIMS measurements were carried out.

The surface composition of ZnO thin films synthesized by ECD and
subsequently exposed to hydrothermal annealing treatments in H2O
vapor atmosphere was investigated by X-ray photoelectron spectros-
copy. The binding energy (BE) scale was calibrated using the
adventitious carbon peak (C-1s) at 285 eV as reference [40,41]. In our
samples, residual amounts of adventitious carbon and carbonyl
compounds are unavoidable due to their exposure to air prior to the
XPS measurements [42].

Fig. 4 shows XPS survey spectra of ZnO samples grown by ECD at
70 °C after several different treatments: (i) #70AUT1 and (ii) #70AUT2
subsequently hydrothermally treated at 150 °C in DI-H2O vapor;
(iii) #85As-grown, a ZnO film grown by ECD at 85 °C, and (iv) the
same sample as in (iii) but after a subsequent hydrothermal treatment
AUT1 at 150 °C in DI-H2O vapor [#85AUT1]. For comparison, the XPS
spectra of as-grown ZnO films prepared by ECD at 70 °C as well as data
fromananalogous sample subsequently thermally annealed in a tubular
furnace in air can be found in our previous publication [6]. The following
elements were detected: Zn, O, Cl, and C (adventitious). No other
contaminants from the ECD process were observed. The small features
at ~230 eV and ~400 eV in the survey spectrum of sample #70AUT1
(i) corresponds to the Mo-3d and Mo-3p core levels from the sample
e different photoelectron and AES peaks observed for the latter elements are labeled in

image of Fig.�3
image of Fig.�4


Fig. 5. XPS spectra (Al-Kα=1486.6 eV) corresponding to the (a) Zn-2p, (b) O-1s, and (c) Cl-2p core level regions of ZnO films supported on FTO/glass substrates before (as-prepared,
sample #85 As-grown) and after several hydrothermal treatments (samples #70 AUT1, #70 AUT2, and #85 AUT1).
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holder that was partially exposed to the X-ray beam during the
measurements.

Fig. 5 showsXPS spectraof the (a) Zn-2p, (b)O-1s, and (c) Cl-2pcore
level regions of our samples. The Sn-3d spectra were also recorded (not
shown) and no other signals from the FTO substrate were detected by
XPS. The probing depth of XPS is about 10 nm and since from the SEM
images shown in Fig. 2 zinc oxide thicknesses of ~1000 nm can be
inferred, no XPS signal from the underlying FTO substrate is expected.
The ZnO films display a doublet at 1021.7 eV and 1044.8 eV (vertical
reference lines) corresponding to the Zn-2p3/2 and 2p1/2 core levels of
ZnO, Fig. 5(a). These BEs are in agreement with previous studies from
our group on ZnO films synthesized by an aqueous chemical growth
route [6,40,43,44]. Although small amounts of Clwere inferred fromour
high-resolution XPS spectra of the Cl-2p region, Fig. 5(c), the dominant
formation of Zn–O compounds is observed in these samples, since
higher BEs than the ones reported above have been assigned to Zn-2p3/2
in ZnCl2 (~1023.6 eV) [6,45]. The Cl species are due to our ECD sample
preparation method. In agreement with our SEM-EDX data and slight
changes were detected when comparing samples exposed to different
types of post-growth treatments, Fig. 5(c). The low intensities of the Cl-
2p signalsmeasuredbyXPSaswell as the relativeproximity in theBEsof
the most common chlorinated Zn species (ZnCl2, ZnOCl, hydroxichlor-
ides, etc.) [46–48] prevents a specific assignment solely based on our
XPS data.

The asymmetric feature observed in the O-1s region, Fig. 5(b), was
deconvoluted by four subspectral components: (i) stoichiometric ZnO
(530.2 eV, solid line), (ii) defective ZnOx[49–52] (531.6 eV, dashed
line), (iii) adventitious CO (531.1 eV, dotted line), and (iv) adventitious
CO2 (532.5 eV, dashed–dotted line) [53,54,55]. Table 3 shows the
relative content of each Zn-containing species determined from the fits
of our XPS spectra. In the O-1s region, the BE difference between
stoichiometric and defective ZnO is sufficiently large to be separated,
while the same distinction is not possible for the Zn-2p region due to
the closer overlap of both species. Nevertheless, the large widths of the
Zn-2p peaks (see Table 3, Zn-2p3/2) also suggest the possibility of
having Zn species in more than one chemical environment in these
samples.

Armelao et al. [56] and Liqiang et al. [57] observed similar O-1s
spectra for ZnO films and nanoparticles and attributed the high BE peak
features (531.6 eV) to Zn–OHspecies. Considering their O-1s/Zn-2pXPS
intensity ratios, the ZnOx(OH)y stoichiometry was suggested [56]. The
531.6 eV component detected in our samples could be also attributed to
the presence of ZnOx(OH)y. However, defective ZnOx (partially reduced
during annealing) would also lead to a similar spectrum [49]. The as-
prepared sample grown at 70 °C (#70 As-grown) shows a ZnO/ZnOx
(OH)y ratio of 1.89 [6],whichwas found to increase to2.16and2.72 after
the hydrothermal treatments of #70AUT1 and #70AUT2, respectively.
By comparing the ZnO/ZnOx(OH)y=1.86 of a similarly prepared sample
annealed in air in a furnace at 150 °C (fromRef. [6])we can infer that the
post-growth treatment in water vapor atmosphere leads to an increase
in the content of stoichiometric ZnO at the expense of defective ZnOx. A
similar trend is observed when comparing the ZnO film grown at 85 °C
(#85As-grown) to the analogous but hydrothermally treated sample
(#85AUT1), with ZnO/ZnOx(OH)y ratios of 1.72 and 1.97.

Secondary ion mass spectrometry is used for the analysis of trace
elements in semiconductors and thin films, due to its exceptional
sensitivity and depth profiling capability. Fig. 6 shows the Zn64 and
Cl37 isotopic composition depth profiles in the as-grown, AUT1 and
AUT2 (at 150 °C) ZnO/FTO samples measured by SIMS using the Cs+

primary beam at a source potential of 3 kV and an impact angle of 60°
from normal. The vertical axis shows the count rates of Zn and Cl ions
in the as-deposited, hydrothermally treated and CTA annealed samples.
Since no calibration standard was available, the absolute concentration
of Cl ions could not be obtained from our measurements. The depth
profile of Cl ions is fairly uniform for the as-deposited ZnO sample (see
Fig. 6). However, after the AUT treatment, the Cl count rate of the ZnO
layer grown at 70 °C is clearly reduced (Fig. 6a), indicating the removal
of chlorine fromZnOand possible evaporation/removal of chlorine after
hydrothermal treatment at 150 °C in water vapor atmosphere
performed in an autoclave.

The SIMS results presented in Fig. 6b show that ZnO thin films
grown by ECD at 85 °C possess less chlorine than samples grown at
70 °C. At the same time, Fig. 6 demonstrates that annealing at 150 °C
modifies the SIMS depth profile of the ZnO films. Also, hydrothermal
treatments in H2O vapor influence the chlorine content in the ZnO
films grown via ECD at 70 °C or 85 °C. This might confirm the
statement made based on the FEG-SEM image of Fig. 2f that the
appearance of nano-holes voids on the surface of ZnO crystallites after
annealing could be due to the possible evaporation/removal of
chlorine-based impurities from ZnO. Also we observe that the Cl
content decreased in the depth of ZnO sample. These data correlate
with EDX results which show lower Cl concentration. The decrease in
the Cl content may be due to the Cl removal from the lateral facets of
ZnO crystals and substitution with oxygen from water vapor after
hydrothermal treatment.

According to data presented in Fig. 6, the diffusion of Cl from the
ZnO film into the FTO substrate at the ZnO/FTO interface is observed.
This is indicated by the Cl37 curve in the annealed sample with respect
to the slope of Cl37 in the as-grown ZnO near the interface between
ZnO and FTO.
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Fig. 7. Transmission spectra of ZnO thin films electrochemically grown on FTO
substrates at 70 °C (a) and at 85 °C (b). Curves denote: (1) as-grown sample;
(2) thermally annealed at 150 °C in furnace in air ambient, (3) hydrothermally treated
sample (AUT1) at 150 °C and (4) hydrothermally treated sample(AUT2) at 150 °C in
H2O vapor atmosphere, respectively.

Fig. 6. (a) SIMS depth profiles of an as-grown ZnO film electrodeposited at 70 °C on FTO,
of a film annealed at 150 °C in air (red curve on-line) and of a hydrothermally treated
film in H2O vapor (green curve on-line); (b) SIMS depth profiles of as-grown ZnO film
electrodeposited at 70 °C and 85 °C on FTO substrate and of hydrothermally treated ZnO
in H2O vapor (green curve on-line).
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3.4. Optical characterizations of ZnO films

Fig. 7 shows optical transmittance spectra of as-grown ZnO thin
films, thermally annealed or hydrothermally treated at 150 °C in air and
hot H2O vapor, respectively. The interference fringes indicate that all of
the ZnO films have optically smooth surfaces and that the interfacewith
the FTO substrate is also smooth [6,58]. Four characteristic spectra of
ZnOfilms in thewavelength range 300–1100 nm(Fig. 7a) are labeled as
(1)–(4) for the as-electrodeposited, thermally annealed at 150 °C and
hydrothermally treated films at 150 °C (regimes 1-AUT1 and 2-AUT2),
Table 3
Relative content of stoichiometric ZnO, defective ZnOx and/or ZnOx(OH)y as well as
adventitious CO and CO2 species obtained from the analysis (spectral area) of the O-1s
core level region of ZnO films exposed to different treatments.

Sample ZnO (at.%)
(530.2 eV)

ZnOx or ZnOx(OH)y
(at.%) (531.6 eV)

CO
(531.1 eV)

CO2 (at.%)
(532.5 eV)

(i) #70AUT1 46.5 21.5 22.0 10.0
(ii) #70AUT2 59.3 21.8 13.7 5.2
(iii) #85As-Gr 40.2 23.3 24.0 12.5
(iv) #85AUT1 47.0 23.9 20.9 8.2
respectively. All films ECD at 70 °C exhibit a high transparency (over
90%) in the visible range of the spectra and in the UV region, the optical
transmittance falls sharply due to the onset of the fundamental
absorption in this region. It can be seen that the optical transmittance
spectrum of the ZnO sample is characteristic of the pure ZnOphasewith
a fundamental absorption edge observed at ~3.4 eV, which corresponds
to the optical bandgap edge (Eg) for crystalline zinc oxide. This is
important for applications in optoelectronic devices, transparent
conductive films, and solar cell windows. By comparing transmission
spectra curves (1) and (2) in Fig. 7 corresponding to the as-grown and
CTA annealed samples, a shift in the absorption edge can be observed.
The transmittance was found to change in the visible region, decreasing
in the UV region with increasing annealing temperature. For the film
annealed at 150 °C (curve (2), Fig. 7a), the optical transmittance
(TN95%) in the visible region increases by ~4% as compared to with the
as-grown ECD ZnO thin film (curve (1)). Similar effects were observed
for sample #70AUT1. However, sample #70AUT2 which has been
hydrothermally treated at higher DIwater in the autoclave shows lower
transmittance characteristics. These results correlate with SEM data in
Fig. 2c demonstrating changes in the surface morphology of the films.
Fig. 7 demonstrates that the absorption edge shifted to longer
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wavelength after the two types of post-growth treatments. For thefilms
grown at 70 °C or 85 °C and the samples hydrothermally treated at
150 °C in regime 2(AUT2), the optical transmittance in the 380–700 nm
region decreases by ~30–40% compared with that of film CTA annealed
at 150 °C. The latter effect is probably due to the surface roughness
increase observed on these samples (Fig. 2c and f).

The optical absorption coefficient was evaluated as described
previously in Ref. [6]. The functional dependences of (αhv)2 versus
photon energy (hv) are presented in Fig. 8. The photon energy
depends on the absorption coefficient α near the ultraviolet (UV) edge
of the ECD ZnO films as shown in Fig. 8a.

Although the transmission in the transparent region did not show
large changes (about 5–10%), the absorption edge was shifted toward a
longer wavelength of about 9.8 nm (98 meV) by annealing ZnO(grown
at 85 °C) at 150 °C in air and of about 12 nm (120 meV) for the
hydrothermally treated sample at 150 °C in H2O vapor medium,
respectively. As can be seen in Fig. 8 the amount of the shift depends
on the type of post-growth treatment and may be attributed to the
annealing of intrinsic and extrinsic defects (chlorine possibly being one
of them). The high energy band gap of the as-grown ZnO films in the
chloride medium has been assigned to a Burstein–Moss effect, the high
value being due to doping [6,23]. The annealing of defects by thermal
treatment induces a decrease in donor concentration and the shift of
energy band gap towards lower values. It is expected that with
increasing annealing temperature, the stoichiometry of the films will
Fig. 8. Plot of (αhv)2versus photon energy (hv) for as-grown ZnO film electrodeposited
at: (a) 70 °C and (b) 85 °C on FTO substrates. Curves denote: (1) as-grown sample;
(2) thermally annealed at 150 °C in furnace in air, (3) hydrothermally treated sample
(AUT1) at 150 °C and (4) hydrothermally treated sample(AUT2) at 150 °C in H2O vapor
atmosphere, respectively. Also shown is the slope of the linear fit from linear region of
this plot.
be improved and the defect density decreased [6,59]. The evaporation/
removal of Clmay be the way to decrease the donor concentration after
the hydrothermal treatment in hot H2O vapor.

3.5. Photoluminescence of ZnO films

The photoluminescence (PL) spectrum (Fig. 9) of the as-grown
sample at 85 °C consists of a broad near bandgap band with a wing at
photon energies higher than the ZnO bandgap. This wing may be
either due to the Burstein–Moss effect in a heavily doped ZnO sample
or due to the variation of the material bandgap caused by the
deviation from the stoichiometry (presence of hydroxide) according
to the XPS data presented above.

Thermal annealing of the sample at 150 °C in air leads to the
disappearance of the high energy wing, and to the narrowing of the PL
band. Nevertheless, the PL remains still broad enough, and exhibits an
asymmetric shape with a pronounced tail in the region of low photon
energies. Similar characteristics of the near bandgap luminescence have
been previously observed in highly doped ZnO samples grown by
differentmethods [4,60–62]. It was shown that this PL band is likely due
Fig. 9. Near bandgap PL spectrum of the as-grown sample #85As-Gr (curve 1), the
sample (#85T150) thermal annealed at 150 °C in air (curve 2), the sample (#85AUT1)
subjected to the hydrothermal treatment inwater vapor (curve 3), the sample (#85T400)
thermally annealed at 400 °C in air (curve 4), and the sample (#85T600) thermally
annealed at 600 °C in air (curve 5) measured at T=10 K (a) and T=300 K (b).
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Fig. 10. PL spectra at ultraviolet and visible wavelengths of the sample (#85As-Gr) as-
grown at 85 °C (a), and the samples annealed at 150 °C (b), 400 °C (c), and 600 °C
(d) for 1 h in air. The spectra aremeasured at T=10 K (curve 1), and T=300 K (curve 2).
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to direct transitions of electrons between the conduction to valence
band tails. The broadening of the PL band involved can be accounted for
by the broadening of the band edges due to potential fluctuations
induced by the high concentration of intrinsic defects or impurity in the
material.

The width of the band tails, and the dependence of the FWHM of
the PL band on carrier concentration can be calculated using a model
for broadening of impurity bands in heavily doped semiconductors
developed by Morgan [63]. By using the established dependence of
the FWHM of the PL band on carrier concentration [4,60–62], one can
estimate the electron concentration in our samples. These data
determined at different temperatures for the as-grown sample
#85As-Gr, as well as for this sample subjected to different thermal
and hydrothermal treatments are presented in Table 4. The carrier
concentration data for the as-grown sample #85As-Gr are not
presented in this table, since the Morgan model is not applicable to
this sample. As mentioned above, the Burstein–Moss effect, or the
variation of the material bandgap caused by the deviation from the
stoichiometry is responsible for the shape of the PL band in this case.

Note that annealing at 150 °C leads to the increase of the PL
intensity by almost one order of magnitude. The hydrothermal
treatment of the sample in hot water vapor results in a further
narrowing of the PL band and an increase of the intensity compared to
samples thermally annealed at 150 °C in air (see Fig. 9 and Table 4).
These results demonstrate superiority of AUT treatment versus CTA at
150 °C to improve optical properties of ZnO micro-columnar films.

Thermal annealing of the sample #85 at 400 °C and 600 °C in air
leads to a further decrease of the PL bandwidth (Fig. 9 and Table 4).
However, simultaneously, the CTA annealing in air ambient leads to
the decrease of the PL intensity, so that the PL intensity for the sample
annealed at 400 °C is comparable with that of the as-grown sample,
while the PL intensity for the sample annealed at 600 °C is even lower.
One can see from Table 4 that various post-growth treatments result
in the variation of the free carrier concentration at low temperatures
from 6×1019cm−3 to 2×1020cm−3. Regarding the microscopic
origin of the impurity, one can assume that it is related to the Cl
dopant revealed by the EDX, XPS and SIMS measurements. However,
the contribution of other residual impurities, i. e. H which is a shallow
donor [64], cannot be withdrawn. As concerns the possible contribu-
tion related to the deviation from stoichiometry, oxygen vacancies
and zinc interstitials are the most probable donor-type intrinsic
defects [65,66]. Oxygen vacancies are deep donors, while zinc
interstitials are not stable at room temperature and so are unlikely
to contribute to the carrier concentration [67]. More complex centers
involving intrinsic defects could potentially be shallow donors.
However, this subject needs additional investigations.

No visible emission is observed in the as-prepared sample
(Fig. 10a) as well as in the sample annealed at 150 °C (Fig. 10b).
Note that the sample subjected to hydrothermal treatment also does
not exhibit visible emission. This could be due to reduction of the
oxygen vacancies, chlorine content and of carrier concentration in the
ZnO films. Thus, it can be reduced oxygen vacancies and traps levels in
Table 4
FWHM of the near bandgap PL band, and the estimated carrier concentration in the sample #85 subjected to different treatments.

Sample #85As-Gr #85T150 #85 AUT1 #85T400 #85T600

T=10 K FWHM (meV) 385 112 105 78 70
Carrier concentration (cm−3) – 1.38×1020 1.2×1020 7×1019 5.7×1019

T=50 K FWHM (meV) 387 117 109 80 72
Carrier concentration (cm−3) – 1.65×1020 1.37×1020 7.5×1019 6×1019

T=100 K FWHM (meV) 389 126 115 85 75
Carrier concentration (cm−3) – 1.72×1020 1.43×1020 8×1019 6.5×1019

T=200 K FWHM (meV) 391 149 132 105 90
Carrier concentration (cm−3) – 2.45×1020 1.9×1020 1.2×1020 9×1019

T=300 K FWHM (meV) 393 178 162 132 120
Carrier concentration (cm−3) – 3.5×1020 2.85×1020 1.9×1020 1.5×1020
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the energy band gap due to chlorine and improve the emission
properties of films. At the same time, thermal annealing at 400 °C or
600 °C for 1 h in air (Fig. 10c,d) leads to the emergence of two visible
PL bands at 2.55 eV and 1.85 eV. The higher the annealing temper-
ature, the higher is the intensity of the visible emission.

The room temperature PL spectra of ZnO films grown on flexible
substrates FPS as-electrodeposited (#80As-Gr), hydrothermally treated
in H2O vapor (#80Aut) and thermally annealed in air at 150 °C
(#80T150) are similar to samples grown on FTO. These graphs are not
shown to avoid repetitions, but the main observations are described as
follows. The PL spectrum of the as-electrodeposited ZnO films at 80 °C
on flexible substrates exhibits a broad intensive near-band-gap band
with the maximum at 380 nm (3.26 eV) at room temperature. It can be
concluded that the PL spectra of the films/FPS depend significantly on
annealing temperature and treatment type. The PL intensity of emission
peaks increases with application of hydrothermal treatment by one
order of magnitude, as well as thermal annealing by 5–6 times (not
shown). Theas-grownsampledisplays abroad spectrumcoveringgreen
and yellow spectral regions. This correlates well with previous reports
[6,7]. The origin of the greenandyellow luminescence in ZnO is a subject
of various investigations [33]. These defects could be due to ZnO surface
imperfections.

Previous reports [7] have shown that excess zinc at the zinc oxide
surface reacts with water vapor resulting in the release of hydrogen:

Zn þ H2O→ZnOðsÞ þ H2ðgÞ ð1Þ
It seems that the zinc in excess and other defects at the surface

reacted with water vapor resulting in a smother surface of zinc oxide in
our hydrothermal treatment AUT1 in an autoclave in water vapor
medium. One can obtain a higher PL intensity in this way. However, the
duration of hydrothermal treatment is an important factor, since the
concentration of VZn and Oi in films increases due to the consumption of
Zni bywater vapor, and the yellow luminescence emerges due toOi (not
shown). However, AUT2 regime gives a rougher surface (Fig. 2c) of the
ZnO films, which should be taken into account. Thus, based on our
experimental results, AUT treatments can be proposed as an alternative
post-growth treatment for ZnO films on flexible substrates which
cannot be annealed at temperatures higher than 200 °C.
4. Conclusions

Since our preliminary work [7], we provide further data that
hydrothermal treatment by H2O vapor atmosphere in an autoclave
influences the structural, physical and optical properties of the ZnO
films. Zinc oxide micro-columnar films were fabricated on rigid FTO/
glass and flexible FPS substrates using a low-temperature electro-
chemical method. Our structural analysis revealed that the electro-
deposited ZnO shows a sharp XRDmain peak at ~34.4° suggesting that
the growth is preferentially along the c-axis normal to the substrate.
The narrowing of the diffraction peak width observed after thermal
annealing in air is indicative of the higher crystal quality, which is
further improved after the hydrothermal treatment in H2O vapor
atmosphere. The hydrothermal treatment was found to induce an
increase of ~30% in the intensity of the (002) XRD diffraction peak,
indicating the improvement of the crystallinity of the ECD ZnO film.
Raman studies of both as-grown and air-annealed ZnO demonstrate
the good quality of the wurtzite crystal structure in the produced
material. The intensity of the Raman peaks relative to the background
demonstrates the purity of the hexagonal ZnO phase formed and
crystallinity of the samples, which is in accordance with the results
obtained by XRD and SEM. However, the XRD intensity ratio of
hydrothermally treated AUT samples versus CTA thermally annealed
one is large, which suggests that the films are of higher quality after
post-growth treatment in H2O vapor compared to annealing in air
ambient.
SEM studies demonstrate the same morphology for the ZnO films
before and after post-growth annealing in air or in H2O vapor
atmosphere. However, for one of our samples (#70AUT2), the
hydrothermal treatment at 150 °C at higher H2O level leads to
significant morphological changes. Such evident changes were not
observed for the sample grown at 85 °C, which suggests that the ZnO
films grown at 85 °C are more resilient to structural/morphological
modifications. According to our EDX results, thermal annealing at
400 °C in air contributes to the elimination of about 20% of Cl [6].
However, based on SIMS results one can conclude that the Cl content
was found to decrease more significantly for samples hydrothermally
treated at 150 °C in H2O vapor atmosphere as compared to the
thermally annealed films. XPS studies revealed that the as-prepared
samples grown at 70 °C (#70 As-grown) have a ZnO/ZnOx(OH)y ratio
of 1.89 [6], which increased to 2.16 and 2.72 after the hydrothermal
treatments (samples #70 AUT1 and #70 AUT2, respectively). The
SIMS analysis indicated that the ZnO thin films grown by ECD at 85 °C
possess less chlorine than the as-grown samples at 70 °C. At the same
time, it was observed that annealing at 150 °C modifies the SIMS
depth profile of the ZnO film. Also, hydrothermal treatment in H2O
vapor atmosphere was found to influence the chlorine content in the
ZnO films grown ECD at 70 °C or 85 °C. ZnO films grown by ECD
exhibit photoluminescence (PL) spectra in the UV range. The PL
spectrum of the as-prepared samples on FTO substrates consists of a
broad very intensive near bandgap band with the maximum at
3.345 eV at T=10 K and 3.26 eV at room temperature. No visible
emission is observed in the sample (at least at the level three orders of
magnitude less that the intensity of the near bandgap luminescence).
Annealing at 400 °C in air leads to a significant narrowing of the near
bandgap luminescence, and the emergence of two visible PL bands at
2.55 eV and 1.85 eV. The research also highlights electrodeposition of
the ZnO films on flexible plastic substrates for which features of post-
growth treatment are important to get a higher UV emission and
improved optical properties. Thus, hydrothermal treatment in hot
H2O vapor atmosphere can be an alternative to CTA in furnace for
annealing of ZnO films on FPS substrates for the purpose of improving
their optical properties.
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