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In this work, a novel approach to synthesise zinc oxide (ZnO) directly on flexible copper substrates is pro-
posed.
The produced samples show a foam-like morphology made of agglomerates of small ZnO particles

when processed at laser energy density of 18.0 J/cm2. On the other hand, the samples processed at higher
beam energy density, i.e. 33.2 J/cm2, resulted in a more granular morphology, with some ZnO particles
dispersed over the sample’s surface.
Raman spectroscopy measurements demonstrated that this method resulted in the formation of

wurtzite-ZnO crystalline phase in all samples. Room temperature photoluminescence spectroscopy anal-
ysis revealed the presence of a broad visible band in the orange-red region dominating the spectra, with a
small contribution from the near band edge emission in the UV spectral region. Decreasing the beam
energy fluence from 33.2 to 18.0 J/cm2 resulted in samples with higher overall visible band intensity,
in line with what was observed for their crystalline quality. Moreover, the shift of the broad band maxima
towards longer wavelengths could be an indication of the possibility of tuning the visible emission
according to the chosen laser processing conditions.

� 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

ZnO is one of the most widely studied semiconductors due to its
large potential of integration in numerous highly demand applica-
tions, including optoelectronics, biomedicine and piezoelectricity
[1,2]. It is well established that crystalline ZnO thin films, which
are of particular importance for electronic and optoelectronics
industries, can be produced by distinct physical growth techniques
[3–7]. Nevertheless, most of them still present some limitation
regarding the synthesis in large substrate areas. Indeed, ZnO
remains as a material to be used in a wide number of technologies,
and therefore, the possibility of enhancing the scalability of its pro-
duction in a cost- and time-effective way is still a research topic of
interest for the scientific community.

Laser irradiation has been employed to promote melting of the
surface layers in semiconductor substrates, with the aim of
reordering damaged layers at the nanometre-scale level [8–10]
and induce intentional phase transitions without using resistive
element furnaces [11,12].

In the present work, a fast and environmentally friendly pro-
cessing technique, using a neodymium-doped yttrium aluminium
garnet (Nd:YAG) laser operating in the 1064 nm wavelength, was
employed to produce crystalline ZnO structures directly on copper
(Cu) substrates from a zinc (Zn)-based precursor formulation.
Attentions were mostly devoted to the structural and optical char-
acterisation of the produced samples and the influence of the laser
processing parameters on the mentioned properties.
2. Materials and methods

2.1. Synthesis

ZnO was produced on 300 mm thick commercial copper foils.
This material was chosen as substrate since it may further work
as an electrical contact to a relatively flexible ZnO-based device
for optoelectronic or sensing applications. A paste comprising Zn
powder and polyvinyl alcohol (PVA) was firstly spread on the sub-
strate and subsequently laser treated. The details of the paste for-
mulation are described elsewhere (designated as Zn#1 paste) [13].
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Prior to the spreading of the Zn precursor, the Cu foils were
chemically etched with standard procedures to reduce roughness
and remove contaminants from the surface [14]. Approximately
63 ml/cm2 of the precursor paste was slowly spread on the foil sur-
face via doctor blade technique. Finally, the samples were left to
dry in air for 48 h. The height step between the as-dried paste layer
and the as-cleaned copper foil was measured with an optical pro-
filer and an average precursor layer thickness of about 8 mm was
thus obtained.

The laser treatment was performed with a Nd:YAG pulsed laser,
with peak emission at 1064 nm (Rofin Starmark SMP 100wII). The
laser system allows processing of centimetre square areas. The
samples were placed at the laser focus position, resulting in a spot
diameter of 50 mm, and 5 � 5 mm2 areas were scanned for each set
of parameters. The frequency was set to 17.5 kHz with pulse dura-
tion of 30 ms, while the distance between scanning lines was
100 mm. Different scan speeds (from 20 to 40 mm/s, with steps
of 10 mm/s) and average laser powers (from 6.2 to 11.4 W, with
steps of ~1.7W) were used to study their impact on the ZnO forma-
tion. Considering the fixed pulse frequency and laser spot area, the
present precursors were processed at energy densities from 18.0 to
33.2 J/cm2. In addition, we aimed at relatively high processing
times to promote both polymer evaporation and improved crys-
talline quality, so the lower limits of the system in respect to dis-
tance between scanning lines and scan speed were explored
(100 mm and 20–40mm/s, respectively). The slow scan speeds used
to synthesise the samples presented below, 20 and 40 mm/s,
resulted in a reduced distance between laser pulses, 1.1 and
2.3 mm, respectively. Given the laser spot diameter, the samples
were synthesised with high percentage of beam overlap along each
line scan.

Table 1 shows the list of samples that were selected among the
produced ones for the characterisation studies, together with the
corresponding laser operating conditions (i.e. average laser power,
and corresponding energy density, and scan speed).

2.2. Materials characterisation

The surface morphology of the samples was inspected with a
TESCAN Vega3 scanning electron microscope (SEM) using a work-
ing distance of 15.2 mm, a 25 kV accelerating voltage and 5 k�
magnification. Energy-dispersive X-ray spectroscopy (EDS) was
used to map the surface composition of the produce samples with
a Bruker Xflash 410 M Silicon Drift Detector, 133 eV energy resolu-
tion (Mn Ka) @ 100 kcps counting rate.

Micro-Raman spectroscopy measurements were conducted in a
Horiba Jobin Yvon HR800 instrument in backscattering configura-
tion using a 600 gr/mm grating and using the 442 nm (~2.8 eV)
cw He-Cd laser line (Kimmon IK Series) as excitation source. The
laser light was focused on the samples by using a 50� magnifica-
tion objective.

Samples #1, #2 and #3 were selected for room temperature (RT)
steady-state photoluminescence (PL) spectroscopy measurements.
Furthermore, excitation density-dependent measurements were
also conducted on sample #3, while both samples #1 and #3 were
chosen for temperature-dependent PL. In the first case, the samples
were kept at 11 K and the excitation density was controlled using
Table 1
List of the selected samples and corresponding laser operating conditions.

Sample Laser power (W) Energy density (J/cm2) Scan speed (mm/s)

#1 11.4 33.2 20
#2 11.4 33.2 40
#3 6.2 18.0 20
#4 6.2 18.0 40
neutral density filters. For the temperature-dependent measure-
ments, the samples were placed in a cold finger, and the tempera-
ture changed from 11 K to RT. All the measurements were carried
out using the 325 nm (3.8 eV) line from a cw He-Cd laser with a
beam spot of ~1 mm and an excitation power density less than
0.6 W/cm2. The signal emitted from the samples was dispersed by
a SPEX 1704 monochromator (1 m, 1200 g/mm) and detected with
a cooled Hamamatsu R298 photomultiplier.
3. Results and discussion

3.1. Morphology

Fig. 1 shows SEM micrographs of the selected samples, as well
as for the reference one, i.e. copper foil covered by the Zn/PVA prior
laser treatment (REF sample). It is clear from the pictures that the
laser treatment step introduces significant changes in the surface
morphology of the samples. The morphology of the REF sample
seems to be heterogeneous at the macroscale, mostly due to the
spreading technique that was used and the size of the Zn particles,
resulting in the presence of some agglomerates of Zn.

After laser irradiation, the surface exhibits the presence of some
agglomerates with different dimensions, as shown in Fig. 1 for
samples #1 and #2. In addition, it is possible to detect small whit-
ish round-shaped particles formed at the surface of the samples,
with diameter in the order of 1 mm. These particles are more homo-
geneous in size and evidence a better surface dispersion for the
sample processed at lower scan speed (sample #1). They are likely
to correspond to small ZnO particles that are formed on the sam-
ples’ surface after laser treatment. EDS mapping was performed
on sample #1 to understand the distribution of the different ele-
ments. The relevant elements, Zn and oxygen (O), are seen to be
well dispersed onto the surface and may indicate the formation
of ZnO structures. Since the paste formulation comprised a poly-
meric matrix, carbon (C) was also monitored, and traces of this ele-
ment are found to be well spread on the surface of the samples. The
distribution of copper was also assessed, where the EDS results
show a higher concentration of copper in certain areas. That can
be explained by the fact that the initial Zn-based precursor layer
thickness (i.e. prior laser treatment) is not homogeneous in the
entire copper surface due to the paste spreading and drying pro-
cess. The strong laser interaction with the initial porous surface
introduced topographical differences at the microscale due to
beam dimensions, distance between scan lines and beam overlap.
Although the interaction of the laser with the precursor has
resulted into thermal energy delivered to promote Zn phase trans-
formation into ZnO, it was also observed that such high laser
energy fluence led to the ablation of part of the precursor from
the surface.

When the energy density is reduced from 33.2 to 18.0 J/cm2, the
morphology of the samples is rather different from the ones
processed at higher energy density. Here, the morphology of the
as-spread surface is by some means maintained while large
agglomerates are mainly formed after laser treatment. These
agglomerates seem to be made of smaller ones, likely to be ZnO
particles, due to the rather moderate (i.e. pure thermal) interaction
between the laser beam and the precursor paste. Regarding the
PVA, it is expected that it fully decomposes for the laser energy
densities that have been used [15], although traces of carbon are
simultaneously present with ZnO.
3.2. Raman spectroscopy

Representative Raman spectra for samples #1 to #4 are shown
in Fig. 2, which also includes the spectrum obtained for the REF



Fig. 1. SEMmicrographs of the Zn/PVA paste spread on substrate (REF sample) prior the laser treatment and of all produced samples after laser treatment. The distribution of
zinc, oxygen, carbon and copper elements is also shown for the corresponding micrograph of #1 (area inside the dashed line).
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sample for comparison. Raman active vibrational modes of the ZnO
wurtzite phase were identified in the laser treated samples,
namely the A1, E1 and E2 modes, as well as their overtones and
combined modes [16].
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Fig. 2. Representative Raman spectra for the laser treated samples as well as
The reference sample also exhibits some traces of ZnO phase,
namely the A1ðLOÞ, 2E1ðLOÞ, which should be due to the natural oxi-
dation of the Zn precursor, further promoted by the local heating
resultant from the focused laser incidence. The other peaks, in the
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for the reference sample, all obtained under 442 nm laser line excitation.
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Fig. 3. Representative RT PL spectra of the as-annealed samples excited with a 325 nm laser line, showing the (a) absolute and (b) normalised PL intensity. The colour coding
comprises green, red and light blue and correspond to samples #1, #2 and #3, respectively. Temperature-dependent PL spectra for (c) sample #1 and (d) sample #3. (e) NBE
range (high resolution) spectra measured at 11 K for both #1 and #3. (f) Density-dependent normalized PL spectra acquired at 11 K for sample #3. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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range of 750–1500 cm�1, can be associated to PVA Raman modes
[17]. After laser treatment, the PVA-related peaks completely vanish,
and broad and overlapped modes, peaking at ~1349 cm�1 and
~1564 cm�1, arise, together with the ZnO wurtzite modes. The for-
mer ones (D and G bands, respectively) indicate the presence of
amorphous carbon in the produced ZnO structures [18].
The broad peaks observed in the ZnO case may be accounted by
some amorphous phases or higher density of defects. For instance,
the existence of non-stoichiometric ZnOx phases or the mentioned
residual metallic Zn with some spontaneously formed native oxide
may contribute to this broadening, pointing out towards a low
degree of crystallinity in the formed ZnO.
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Moreover, no major differences were observed between the
results for the two different laser scan speeds. Nevertheless, the

Ehigh
2 and A1ðLOÞ longitudinal optical modes can be clearly identi-

fied, with a predominance of the later. According to SEM observa-
tions, only small ZnO particles are formed (being spread over large
areas), which, together with the highly defective films, may also
contribute to the relatively weak ZnO-related peak intensities that
are found. This can be explained by the fact that, at high fluences,
the laser contributes to the ablation and digging of the initial por-
ous structure and only part of the energy is used for the Zn phase
transformation into ZnO.

On the other hand, the same does not happen to the samples

processed at 18.0 J/cm2 (sample #3 and #4), where the Ehigh
2 peak

and the corresponding combination with Elow
2 are clearly visible.

An increase in the intensity of these modes for samples processed
at 18.0 J/cm2 may thus be attributed to the presence of ZnO parti-
cles of higher crystallinity. Indeed, the E1 and E2 related modes
intensity and width, as the ones measured for these samples, are
comparable to ZnO synthesised with other physical methods, like
RF sputtering [3], or solution processed methods [19–21].
3.3. Photoluminescence spectroscopy

The selected samples for PL were analysed by exciting them
with a laser beam of 325 nm (~3.8 eV), which is above the energy
bandgap of ZnO (3.3 eV at RT) [22]. Fig. 3(a) and (b) shows repre-
sentative RT PL spectra for the selected samples. It is worth to note
that the optical alignment was kept for all samples to allow direct
comparison between the absolute intensity of their PL signal. In all
cases, the spectra were dominated by a broad band covering most
of the visible spectral range (from ~400 to 700 nm). Additionally, a
small contribution from the near band edge (NBE) emission in the
UV spectral region could also be detected. Broad luminescent
bands in the visible range, such as the ones identified in the pre-
sent spectra, are typically found in ZnO structures due to the pres-
ence of several intrinsic and extrinsic defects [23–25]. Moreover,
surface-related defects have also been accounted for giving rise
to broad visible bands, especially in the green and yellow spectral
regions [26–28,7]. Nevertheless, the nature of these defects
remains unclear, especially because different defect centres are
known to originate PL bands peaked at the same spectral regions.
Thus, these bands are comprised by an overlap of several recombi-
nation channels, giving rise to radiative recombination in similar
spectral region [13,22,27].

Probing the samples in different spots does not show major dif-
ferences in the peak position or spectral shape of the bands, sug-
gesting a rather homogeneous emission through the samples.
Inspection of Fig. 3(a) seems to point towards a slight increase of
the PL intensity with increasing scan speed. Furthermore, when
the laser beam intensity is reduced to 18.0 J/cm2 during the syn-
thesis step, the overall visible band intensity increases substan-
tially. Moreover, a shift of approximately 40 nm towards longer
wavelengths is detected for sample #3 (Fig. 3(b)). While the broad
band is centred at approximately 550 nm for both samples #1 and
#2, the broad band peaks at approximately 590 nm in sample #3.
Therefore, laser treatment at 18.0 J/cm2, seems to lead to ZnO that
emits preferentially at longer wavelengths, while processing at
33.2 J/cm2 seems to promote the optical centres whose emission
is mainly peaked at the green-yellow spectral region. The predom-
inant orange-red emission observed for samples #3 may be related
with the introduction of oxygen-related defects, since this band is
frequently attributed to the interstitial oxygen [29,30], and may be
promoted due to the samples’ synthesis in air. Nowadays, it is well
accepted that one of the charge states of zinc vacancies and their
aggregates give rise to electronic levels between 1.6 and 2.1 eV
below the conduction band [31,32]. In our case, the formation of
such defects may arise from the fast laser treatment and the lim-
ited air exposure of the Zn precursor that remains beneath the
already formed ZnO.

Fig. 3(c) and (d) shows temperature-dependent PL spectra of
samples #1 and #3, respectively. It is interesting to note that the
relative intensity of the NBE emission regarding the visible one is
different in the two samples, with the former dominating the spec-
tra for sample #3. The ratio between the NBE recombination and
the deep level emission constitutes an indication of the optical
quality of the samples. At 11 K, an intensity ratio of ~0.8 was found
for sample #1, while sample #3 exhibit a ratio of ~3, indicating a
higher optical quality of the ZnO produced in the conditions of
sample #3. At low temperatures the UV emission peaks at
369 nm (~3.4 eV), which is due to the overlap of the free exciton
(FX) and several emitting donor-bound excitons (D0X, Ii lines)
[33–35]. Higher resolution spectra are depicted in Fig. 3(e). The
asymmetry observed for higher wavelength region is likely due
to the contribution of other defect centres, namely the surface
related defects [36]. The higher broadening evidenced by sample
#1 in this region seems to indicate a higher density of such defects,
in line with the NBE/visible emission ratio observed. Nevertheless,
the observation of this well-resolved NBE recombination confirms
the formation of ZnO structures with good optical quality. The
higher relative intensity of the NBE emission in sample #3 may
also be accounted by the presence of residual carbon. Therefore,
its presence is likely to contribute to the higher relative intensity
of the visible PL band vs NBE intensity [37]. In the present samples,
a small peak can be identified at ~372 nm (~3.3 eV), which can be
related with Y-line transition, which is attributed to the recombi-
nation of excitons bound to unknown donor defects [38].

As the temperature increases, the overall PL intensity decreases
and the NBE emission shifts towards longer wavelengths. Increas-
ing the temperature promotes the dissociation of the bound exci-
tons, and, at RT, the emission is dominated by an overlap of the
transitions associated with the FX and the surface-related defects.
In the case of the broad emission, its peak position slightly shifts
towards shorter wavelengths as the temperature increases. Such
behaviour is likely related with the presence of multiples recombi-
nation channels, whose relative intensity changes as the tempera-
ture increases. This assumption was also corroborated by the slight
shift of the band position as a function of the excitation density, as
displayed in Fig. 3(f).
4. Conclusions

We have successfully synthesised ZnO directly on copper sub-
strates using a fast and facile route that comprises the use of a
Nd:YAG infrared laser able to scan large surface areas. The mor-
phology of the samples processed at laser energy density of
33.2 J/cm2 seemed to be made of large agglomerates of unpro-
cessed Zn, with some ZnO particles dispersed over the surface,
while the samples processed under lowest energy density, i.e.
18.0 J/cm2, show agglomerates/webs made of small ZnO particles.

Raman spectroscopy revealed the presence of the typical active
vibrational modes of the ZnO wurtzite crystalline structure, with
the A1ðLOÞ peak dominating the spectra. The Raman modes seem
to become better defined and less broad with the decrease of the
laser energy density.

PL spectroscopy revealed that when the samples are processed
at 18.0 J/cm2, they present the highest intensity. Low temperature
measurements show a well-defined NBE emission for both anal-
ysed samples, with the higher NBE/visible band ratio in the case
of the samples processed with lower energy density. Such results
attest the higher optical quality of the ZnO materials produced at
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18.0 J/cm2, allied to the high percentage of laser beam overlap
employed.
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