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Abstract: In this work, we demonstrate the use of laser-induced periodic surface structures (LIPSS)
as templates for the selective growth of ordered micro- and nanostructures of ZnO. Different
types of LIPSS were first produced in Si-(100) substrates including ablative low-frequency spatial
(LSF) LIPSS, amorphous-crystalline (a–c) LIPSS, and black silicon structures. These laser-structured
substrates were subsequently used for depositing ZnO using the vapor–solid (VS) method in order
to analyze the formation of organized ZnO structures. We used scanning electron microscopy and
micro-Raman spectroscopy to assess the morphological and structural characteristics of the ZnO
micro/nano-assemblies obtained and to identify the characteristics of the laser-structured substrates
inducing the preferential deposition of ZnO. The formation of aligned assemblies of micro- and
nanocrystals of ZnO was successfully achieved on LSF-LIPSS and a–c LIPSS. These results point toward
a feasible route for generating well aligned assemblies of semiconductor micro- and nanostructures
of good quality by the VS method on substrates, where the effect of lattice mismatch is reduced by
laser-induced local disorder and likely by a small increase of surface roughness.

Keywords: ZnO; fs-laser writing; LIPSS; Raman spectroscopy

1. Introduction

Zinc Oxide (ZnO) is a wide bandgap (3.2 eV) II–VI semiconductor material. This semiconductor
has the ability to be obtained in the form of micro- and nanostructures with a huge variety of
morphologies [1]. Their outstanding luminescent or piezoelectric properties make these ZnO structures
one of the main candidates for the fabrication of several micro- and nanodevices [2,3].

Different techniques have been used for the production of micro- and nanostructures [2], using as
substrate either the same material [4–6] or other substrates like silicon [7–9]. In the present work, we chose
the thermal evaporation and oxidation of ZnS powders [6] to obtain the micro- and nanostructures of ZnO.

Self-organization of the ZnO structures on the substrate over large areas is desirable for using
them in different applications including gas sensing, field emission, and nano-generators, etc. [10–13].
Different approaches have been proposed for such purposes, the most widely used being the use of a
catalyzer [10,14] to obtain ordered structures. A different and also successful approach has been used to
obtain self-arranged structures in many other materials. For instance, the patterning by Xe-ion etching
has been used to promote the growth of aligned Ag and Au nanoparticle arrays [15,16]. Glass substrates
patterned with ultraviolet (UV) nanoimprint lithography have been similarly used to obtain indium tin
oxide nanopillar arrays [17]. The use of surfaces covered by laser-induced periodic surface structures
(LIPSS) [18] has also successfully been used to produce a heterogeneous and aligned distribution of
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O/Si ratios along LIPSS structures in length scales of some hundreds of nms by magnetron sputtering
at an oblique angle [19].

The generation of LIPSS [20] with short and ultrashort laser pulses has been studied since long
ago in a wide variety of materials, from metals to semiconductors and dielectrics [21–24]. Although the
origin of some types of LIPSS is still under debate, there is a general agreement that in the case of low
spatial frequency LIPSS (LSF-LIPSS), the phenomenon is associated to interference of the incident laser
light with either light scattered by surface roughness or with surface plasmon polaritons (SPPs) [25,26].

In this work, different types of self-organized patterns were obtained on Si substrates upon fs-laser
irradiation, depending on the irradiation conditions: amorphous-crystalline (a–c) LIPSS [26]; ablative
LFS-LIPSS [25], and black silicon [27,28]. All of them have been used as substrates to grow organized
arrays of ZnO structures by a simple thermal evaporation method. Successful growth of aligned
ZnO micro/nano-assemblies has been achieved on a–c LIPSS and LSF-LIPSS. The morphology and
structure of the different laser-processed substrates used, as well as that of the deposited material,
were analyzed by SEM techniques and micro-Raman spectroscopy. The results show the feasibility
of producing aligned micro/nano assemblies of ZnO structures promoted by laser-induced disorder
on the substrate, maintaining the good crystallographic and luminescent properties of the deposited
ZnO. The results presented will help in the integration of semiconductors and metals in optoelectronic
devices, as will allow the growth of high-quality and organized semiconductor nanostructures on, for
example, conducting substrates for electroluminescence devices [29].

2. Materials and Methods

Intrinsic silicon (100) was selected to produce the laser-structured substrates. The femtosecond
laser used to induce the formation of LIPSS on the surface was an Yb-doped fiber laser operating at
a central wavelength of 1030 nm with a pulse duration of 340 fs. The repetition rate was 500 kHz.
The experimental setup has been described in detail elsewhere [22,30]. The laser beam goes through
a galvanometer beam scanning unit, combined with an F-Theta lens (f = 100 mm) for scanning
the focused beam over the static sample. The laser spot diameter on the sample was about 48 µm.
The silicon samples processed by laser were of 1 cm × 1 cm in size. The laser scans were performed
along <011> directions, being the laser polarization parallel to these scan lines (Figure 1a).

Amorphous-crystalline LIPSS [26] (Figure 1b) were formed by scanning the laser over the sample
at 2 m/s with a pulse energy of 3.0 µJ (before lens). The separation between scan lines was 20 µm, and
the LIPSS period was 1.03 µm. Ablative LSF-LIPSS [25] (Figure 1c) were obtained when the beam was
scanned using a pulse energy of 3.4 µJ and a much lower scan speed of 0.2 m/s. The separation between
scan lines in this case was set to a larger value (30 µm) to avoid the overlap between consecutive
patterned lines. The LIPSS period in this case was 0.84 µm. Finally, black silicon [27] (Figure 1d) was
produced by scanning the beam at a speed of 0.2 m/s using a pulse energy of 3.6 µJ with a separation
between scan lines of only 3 µm and scanning the surface twice. All the parameters used and a
comparison of the obtained LIPSS periodicity are listed in Table 1.
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performed along the <011> directions with the polarization parallel to the line scans. (b) SEM image 

Figure 1. (a) Crystallographic orientation of the silicon substrates used. The laser scans were performed
along the <011> directions with the polarization parallel to the line scans. (b) SEM image of the
amorphous-crystalline LIPSS substrate. (c) SEM image of the ablative LSF-LIPSS substrate. (d) SEM
image of the black silicon substrate.
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Table 1. Parameters used to fabricate the different patterned substrates (amorphous-crystalline
laser-induced periodic surface structures (a–c LIPSS), ablative low-frequency spatial LIPSS (LSF-LIPSS)
and black silicon). The pulse energy was measured before the lens.

Amorphous-
Crystalline LIPSS

Ablative
LSF-LIPSS

Black
Silicon

λ 1030 nm

Pulse duration 340 fs

Repetition rate 500 kHz

Line separation 20 µm 30 µm 3 µm

Scanning speed 2 m/s 0.2 m/s
(1 scan)

0.2 m/s
(2 scans)

Pulse energy 3.0 µJ 3.4 µJ 3.6 µJ

LIPSS period 1.03 µm 0.84 µm 0.86 µm

The ZnO structures were grown in a horizontal tubular furnace at a temperature of 900 ◦C under
an argon flux using ZnS powders (Sigma–Aldrich, 99.99% purity, Saint Louis, MO, USA) as precursor.
The use of ZnS allowed for performing the thermal treatments at lower temperature [6]. The ZnS
powders were compacted under a compressive load to form disk-shaped pellets of approximately
8 mm in diameter. The ZnS source was placed on an alumina boat at the center of the furnace, which
was the hottest region, as shown in Figure 2. The temperature was raised from ambient to 900 ◦C at
a rate of 10 ◦C/min and kept at this value for 10 h. During the thermal treatment, a constant argon
flux of 1.5 L/min was maintained. The silicon substrate was placed 6 mm away from the center of the
source pellet (located at 15 cm from the edge of the furnace, which was the center position as shown in
Figure 2b). The temperature in the furnace was nearly uniform at the position of both the source (ZnS)
pellet and the substrate. As the chamber was not evacuated prior to treatment, a certain amount of
oxygen remained in the chamber during the growth process, promoting the material oxidation.
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Figure 2. (a) Schematic drawing of the furnace tube, indicating the position of the ZnS source, the silicon
substrate, and the direction of the Ar flux. (b) Temperature profile inside the furnace.

The structures obtained were characterized using several SEM-based techniques: secondary
electron mode, cathodoluminescence (CL), and electron backscattered diffraction (EBSD). A FEI Inspect
S SEM (FEI Company, Eindhoven, Netherlands) or a LEICA 440 SEM (Leica Cambridge Ltd, Cambridge,
UK) were used for emissive mode measurements. The EBSD measurements were carried out with
a Bruker e-Flash Detector in a FEI Inspect SEM working at 20 kV. The analysis of the EBSD data
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was performed with ESPRIT QUANTAX CrystAlign commercial software (Bruker, Berlin, ESPRIT
software version 1.9.4). The Kikuchi patterns, produced by the diffracted backscattered electrons, were
indexed by this software to determine the crystal orientation of the sample. The CL measurements
were done in the LEICA 440 SEM. For collecting the CL emission, a HAMAMATSU PMA-12 charge
coupled device camera (measurement range between 200 and 950 nm), coupled to an optical fiber
was used. The CL images were recorded using a R928 photomultiplier attached to a current amplifier
Keithley 428 fed into the scanning system of the LEICA SEM. Finally, micro-Raman measurements
were carried out in a confocal microscope Horiba Jobin Yvon LABRAM-HR (HORIBA Jobin Yvon,
Villeneuve d’Ascq, France) using the 633 nm line of a He-Ne laser. The laser was focused onto the
sample using a 100× Olympus objective (0.9 NA), and the scattered light was also collected using the
same objective (backscattering configuration). The signal was collected with an air-cooled CCD camera.
Raman spectra were collected and analyzed using the Labspec software (France, Labspec version 5.0).
All the measurements were done at room temperature.

3. Results and Discussion

Prior to their use as substrates for the growth of nanostructures, the irradiated Si samples were
characterized by Raman measurements in order to get a deeper understanding of the modifications
induced by the laser. The pristine silicon showed the characteristic Raman optical modes [31] centered
at 520 cm−1 with a width of 4.3 cm−1. Second-order bands [31,32] were also detected at 302 cm−1 (2TA)
and at approximately 965 cm−1 (2TO) as can be seen in Figure 3.

In the sample with a–c LIPSS, two different regions were clearly differentiated. In the region
between scans, no change in the Raman spectra in respect to those from the pristine silicon (Figure 3a)
was observed. On the line scans, where the LIPSS were formed, the intensity of the silicon peak at
520 cm−1 was reduced, whereas two new bands appeared centered at 480 and 145 cm−1 (see Figure 3a).
These two bands were associated to the formation of amorphous silicon [32]. Figure 3b,c show the maps
of the region squared in black (see the optical image in the inset of Figure 3a) for the amorphous-Si
(480 cm−1) and crystalline-Si (520 cm−1) peaks’ intensity, respectively. In these maps, the distribution of
the two Si phases is clearly appreciated. It can be observed that the crystalline peak intensity decreased
in the scan region, whereas the amorphous signal increased in them. The position and width of the
crystalline Si peak did not show appreciable changes. A deeper inspection of the scan area indicates
that the intensity of both bands had a periodic variation, with a period similar to that observed in the
SEM images, thus indicating that the LIPSS were formed by a periodic distribution of crystalline and
amorphous silicon, in agreement with the results reported by Fuentes-Edfuf et al. in Reference [33].
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The modifications observed in the ablative LSF-LIPSS samples were much stronger than in the
case of the a-c LIPSS. Micro-Raman maps were performed in the area indicated by the grid in the optical
image of Figure 4a. Again, we can clearly distinguish the regions ablated by the laser scans from the
non-ablated areas between the scans. In the region between scans, the crystalline silicon peak position,
intensity, and width are similar those of the pristine material (Figure 4a–d), while closer to the ablated
region, bands related to the appearance of amorphous silicon start to appear (Figure 4e). The weak
signal of amorphous-Si detected outside the laser scans could be related to material re-deposited from
the ablated region. In the region where the ablative LIPSS were formed, the amorphous silicon bands
are clearly detected (Figure 4e). Along with a decrease in intensity and an increase of width, a shift of
the crystalline silicon peak towards lower wavenumbers is also visible (Figure 4a–d). These features
are associated to the presence of tensile stresses in the silicon lattice caused by the violent removal of
material leading to the formation of the ablative LIPSS. The shift of the crystalline peak and its increase
in width can be ascribed to the formation of polycrystalline silicon [34].
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Finally, the black silicon samples show an even stronger modification with respect to the initial
material. In the irradiated regions, some LIPSS can still be identified, but the entire surface has been
modified, in contrast to the case of ablative LIPSS, where stripes of non-modified silicon remain
between the laser scan lines. Micro-Raman measurements were performed in the area indicated by
the grid in the optical image of Figure 5a to compare the results with the amorphous-crystalline and
ablative LIPSS samples. The main effect observed was a shift of the crystalline silicon peak towards
lower wavenumbers (519 cm−1) all along the irradiated area (Figure 5a). Amorphous silicon was
formed as well (Figure 5b). Accumulations of damaged material (hills) were formed over the LIPSS,
where the intensity of the Si-peak decreased and its width increased (Figure 5c). Again, the shift of the
crystalline peak, along with the increase in its width, and the appearance of the a-Si Raman band is
associated with the formation of polycrystalline silicon and the partial amorphization of the material
remaining at the surface after ablation.
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In order to understand the effect of using laser-patterned silicon substrates, we started our study
growing the ZnO structures on a pristine silicon substrate (with the same orientation and properties
as the silicon used for laser patterning). In Figure 6, the different types of structures obtained are
shown. As a first step, we analyzed the dependence of the morphology of the growth structures on
their position with respect to the source (see scheme of Figure 6a). Closer to the source, there was
a high density of material deposited (Figure 6b). ZnO was initially deposited forming nucleation
clusters, from which the ZnO microrods (with hexagonal cross-section with side lengths in the order
of a few microns) grow (Figure 6b). The tips of these rods finish with a nanoneedle (diameter below
100 nm). As the material was deposited farther on the silicon substrate, the rods were shorter or just
small needles are observed (Figure 6c). Finally, going even farther from the source, only nucleation
clusters are visible (Figure 6d).
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From the inspection of the SEM images, the growth process was similar to the one proposed,
for example, by Jeong et al. [8]. The growth mechanism was a vapor–solid type, as described below,
because of the absence of a catalyst at the substrate surface. In our case, the source material was ZnS
which sublimates and dissociates during the thermal treatment. The produced Zn was carried towards
the silicon substrate by the Ar flux and deposited randomly on the Si substrate, reacting with the
remaining oxygen to form ZnO at the surface. The subsequent arrival of more Zn at the substrate
produces the growth of ZnO structures on the pre-existing nucleated clusters as well as the formation
of new stable nuclei. The closer to the source, the larger the quantity of material deposited on the
nucleation clusters and the longer the ZnO structures grown. The orientation of the structures was
determined by the crystalline orientation of the initial nucleation clusters [8], and the growth of the
structures on them was promoted by a better lattice matching than with the surrounding Si substrate.
Typically, the growth of the ZnO structures is faster along the long direction (c-axis, as we show later)
than along the lateral directions (i.e., the arriving material is preferentially deposited along the axial
direction rather than on the lateral facets of the rod [1]), explaining why the rods typically end in the
form of needles.

In the case of the laser-structured substrates, the nucleation and growth behavior were conditioned
by the laser treatment, i.e., depended on the irradiation conditions and the type of structures induced
by the laser. For black-silicon substrates, we obtained microrods at the irradiated area but randomly
oriented and distributed (Figure 7a). We observed no difference when placing the substrate with the
laser-scanning lines parallel or perpendicular to the Ar flux. In the case of the ablative LSF-LIPSS and
a–c LIPSS, the situation was very different, and a clear dependence on the relative orientation between
flux and laser scan axis was observed (Figure 7b,c).
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Figure 7. SEM images of the ZnO ensembles of structures grown on the different patterned silicon
substrates, showing the effect of the orientation of the scan lines respect to the Ar flux: (a) black silicon
substrates; (b,c) ablative LSF-LIPSS substrates; and (d,e) a–c LIPSS. The flux direction is coming from
the right of the images. All the images were taken with the same magnification. Microrods have a
hexagonal cross-section with a side length in the order of a few microns, whereas nanoneedles have
diameters below 100 nm at the tip.
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On the substrates with ablative LSF-LIPSS, we observed a larger number of nucleation clusters
appearing on the non-irradiated stripes between laser scans (Figure 7b). When the scan lines were
parallel to the Ar flux, we obtained ZnO microrods growing from the nucleation sites. These microrods
typically finished with a sharper tip in the form of a needle. On the other hand, when the scan lines
were placed perpendicular to the Ar flux, the structures that grew from the nucleation cluster were more
needle like. In this second case, although a kind of preferential growth was observed on the stripes
between the LIPSS, random deposition of material was observed on all the regions of the substrate.

Using substrates with a–c LIPSS produced the best results in terms of organization of the nucleation
clusters. For both orientations of the sample (scan lines parallel and perpendicular to the flux) the
nucleation sites clearly appeared on the irradiated lines (Figure 7c), while nearly no nucleation clusters
were formed on the non-irradiated zones. A closer inspection shows that the lines are better defined
in the case of the scan lines perpendicular to the flux. For the sample with the lines parallel to the
flux, we see that the nucleation was mainly located at the border of the irradiated lines, whereas for
the scan lines perpendicular to the flux, the nucleation appears at the center of the irradiated lines.
The best organization of the ZnO structures occurs thus for substrates with a–c LIPSS with the Ar flux
perpendicular to laser scans.

Taking into account the Raman measurements performed before deposition, we can conclude
that ZnO was preferentially deposited on the amorphous Si regions, while deposition on the rough
polycrystalline regions associated to ablative-type LSF-LIPSS was less efficient. This can be related to
the presence of amorphous silicon, allowing a better matching of the ZnO lattice: the lattice parameters
for hexagonal-ZnO were a = 3.25 Å and c = 5.21 Å, whereas for cubic-Si it was a = 5.40 Å. In the case
of amorphous silicon, there was not a fixed value for the lattice parameter, as the atoms would be
randomly distributed. This will reduce the energy needed for ZnO seeds to be formed on the substrate.
Also, it cannot be discarded that the slight increase in the local surface roughness of the a–c LIPSS [26],
along with the formation of amorphous silicon, was behind the preferential growth on these regions.
This roughness will also reduce the energy needed for the incorporation of ZnO on the substrate.
This interpretation is further supported by experiments performed using a Si substrate with different
orientation. The ZnO structures were grown onto a–c LIPSS on Si-(111) obtaining similar results as on
Si-(100). The orientation of the silicon substrate crystal did not play a critical role on the organization of
the ZnO nucleation clusters on the treated surface. This observation indicates a route for orienting the
ZnO structures based on reducing the lattice mismatch with the substrate by laser-induced disorder
and slight increase in local surface roughness on the substrate.

For all substrates, we observed a strong effect of the distance between the source and the position
on the silicon substrate where the ZnO was deposited. This effect was more pronounced in the
case of the amorphous-crystalline LIPSS substrate with the flux entering perpendicular to the scan
(Figure 8). Closer to the source (Figure 8a), there was a very large amount of material deposited.
Despite the high density of structures formed, the nucleation clusters were always localized on the
amorphous-crystalline irradiated lines, hence the arrays of ZnO structures were organized in parallel
lines. The structures had a needle-like shape, easily seen by moving farther away from the source,
where the density of structures formed is reduced (Figure 8b). Looking at even farther regions of
deposition (Figure 8c), a slight change in the shape of the structures is observed: in Figure 8c, it can be
seen that the structures have a rod-like shape at the base and a needle-like shape at the tip. Finally, far
enough from the source, the structures evolve towards a rod-like shape (Figure 8d), and they reduce
their length until only nucleation clusters are visible, similar to the case of the pristine silicon substrate
but with the clusters organized only at the irradiated lines.
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Figure 8. SEM images showing the evolution of the ZnO structures’ shape, grown on the a–c LIPSS
substrate, along the direction of the Ar flux (blue arrow). On the left (a): the obtained structures closer
to the source and gas inlet; in the middle (b,c): structures obtained in intermediate regions; and on the
right (d): structures appearing far away from the source.

To get a deeper insight into the nucleation and growth processes, we also characterized the
crystallinity and luminescence properties of the ZnO structures obtained. Firstly, we performed
micro-Raman spectroscopy along the ZnO structures. All the structures, irrespective the kind of
substrate used, the distance from the source or their specific morphology, showed very similar Raman
spectra, as the one shown in Figure 9a. As we used a 632.8 nm laser, well below the bandgap of ZnO,
the Raman signal from the silicon substrate was still detected. By comparing with the spectra of the Si
substrates in Figures 3–5, we can ascribe the peaks at 302, 520, and 965 cm−1 to the substrate. Selecting
the wavenumber region between 75 and 500 cm−1, we observe the most important peaks related to
ZnO (see Figure 9a). The assignments were the following: 98 cm−1 was the E2

low mode, associated to
vibrations of the oxygen sublattice and 438 cm−1 was the E2

high mode, related to the vibrations of the
Zn sublattice. At 379 and 409 cm−1 were localized the polar modes A1(TO) and E1(TO), respectively.
Peaks at 203 and 331 cm−1 were associated to multiphonon processes [35]. The appearance and position
of these peaks confirm that the grown structures were wurtzite-ZnO with high crystal quality [35,36],
no matter the laser surface treatment performed.

Further crystallographic characterization was performed using EBSD. In order to perform a correct
identification of the crystal orientation, the selected ZnO structure was oriented with its long axis along
the x- or y-axis of the reference system of the microscope. As an example, in Figure 9b we show the
SEM image of a rod aligned along the y-axis. A Kikuchi pattern obtained from this rod is presented in
Figure 9b. By using the CrystAlign software, this pattern was assigned to the wutzite phase of ZnO.
The same Kikuchi pattern was recorded all along the structure, indicating that crystal orientation was
the same, i.e., that they are single-crystal structures. By mapping the Kikuchi patterns on the selected
region, indicated by a blue rectangle in Figure 9b, the inverse pole figures (IPFs) for the three X, Y, and
Z directions are plotted in Figure 9c. These IPFs show the distribution of the main crystallographic
directions that are closer to the X, Y, and Z directions of the reference system. From these results we can
see that the growth direction of the rods was mainly along the c-axis (<0001> direction). This growth
direction is the most typical one observed in wurtzite crystals [1,37]. No difference in the growth
direction was observed among the structures grown on the different laser-treated substrates.
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Figure 9. (a) Typical Raman spectra of the ZnO structures, recorded using a 632.8 nm laser and a 100×
objective, in a backscattering configuration. (b) EBSD measurements performed on a rod. SEM image
of a selected rod (top left), typical Kikuchi pattern (bottom left), and inverse pole figures (IPFs) for the
three axes: x, y, and z (c). The IPFs show that the <0001> crystallographic direction was oriented along
the y-axis.

The CL spectra were recorded at room temperature on structures obtained on the different
substrates. All the measured spectra had two common emission bands. The first one, centered at
387 nm, was associated with the near band-edge emission (NBE) of ZnO. The second one, with the
maximum located at 519 nm, was related to defects, most likely oxygen or zinc vacancies [5,38–40].
The CL spectra recorded on the rods grown on pristine silicon showed the dominance of the NBE
emission over the defect emission (Figure 10a). Spectra on the nucleation clusters showed an increase
in the relative intensity of the defect emission. The higher density of defects in these clusters is
very likely related to the accommodation of the difference between the ZnO lattice and the silicon
lattice. The CL spectra of the ZnO structures obtained on the patterned substrates showed that the
emission was more conditioned by the shape of the structures themselves than by the type of structured
substrate used. Rods obtained on the black silicon, ablative, and a–c LIPSS had a higher NBE emission
intensity in comparison with the defect emission (Figure 10b), whereas needles grown on ablative
and a–c LIPSS had a higher relative intensity of the defect emission (Figure 10c). This can be related
to the fact that the needles grow closer to the source and the Ar flux inlet (Figure 8) which leads to
a higher density of defects in this type of structures, for example, oxygen vacancies. The CL image
recorded on the amorphous-crystalline LIPSS substrate (Figure 10d) shows the distribution of the
luminescence emission along the lines of the LIPSS with no emission coming for the substrate. In this
image, it is also possible to see the evolution of the emission intensity along with the evolution of the
structure shapes, being higher the emission from the needles’ (green circle) than from the rods’ (purple
circle) morphologies.
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Figure 10. Cathodoluminescence (CL) spectra and images recorded at room temperature on different
substrates: (a) rods grown on pristine silicon. The inset image shows the CL distribution on the rods.
(b) Typical CL spectrum recorded on the rod-like structures obtained on the three patterned silicon
substrates. (c) Typical CL spectrum measured on the needle-like structures grown on ablative and on
a–c LIPSS. (d) CL image taken on the amorphous-crystalline substrate, showing the distribution of
the emission on the structures that grow following the LIPSS scan lines. The sample was tilted 40◦ to
optimize the collection of the signal.

4. Conclusions

We have shown that it is possible to grow aligned micro/nano-assemblies of ZnO structures
on fs-laser-patterned silicon substrates. A comparison was done between the growth produced
on patterned substrates combining monocrystalline, amorphous, and polycrystalline silicon. We
demonstrated that ZnO micro- and nanostructures preferentially grow on the amorphous Si regions,
then on monocrystalline, and finally on polycrystalline silicon. This preferential deposition was
associated with a better matching of the ZnO lattice on amorphous silicon along with a slight increase
in the local surface roughness of the substrate. The obtained ZnO structures were monocrystalline
and showed good crystal quality and luminescent properties that were mostly related to the shape
of the structure rather than to the type of silicon substrate employed. These results point toward a
simple route for large area ordering semiconductor micro- and nanomaterials, based on the reduction
of the effect of lattice mismatch with the substrate by laser-induced local disorder and gentle surface
roughness. This strategy can pave the way for growing semiconductor micro/nanostructures on
conducting substrates for optoelectronic applications including electroluminescence devices.

Author Contributions: Conceptualization, B.S., J.Sol., P.F.; Data curation, B.S.; Formal analysis, B.S., P.F.,
J.Sol.; Funding acquisition, P.F., J.S., J.Sol.; Investigation, B.S., R.A., J.S.; Methodology, B.S., R.A., J.S.; Project
administration, P.F. and J.Sol; Resources, P.F., J.Sol, J.S; Writing—original draft, B.S.; Writing—review and editing,
B.S., R.A., J.S., J.Sol., P.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Ministry of Science, Innovation and Universities (grant
number MINECO/FEDER-MAT2015-65274-R), the Spanish Research Agency (AEI, Ministry of Research and
Innovation), and the European Regional Development Fund (ERDF) (grant number TEC2017-82464-R). B.S.
acknowledges the postdoctoral grant from the “Atracción de Talento” Program awarded by the Comunidad de
Madrid (2017-T2/IND-5465). R.A. acknowledges the European Social Fund (ESF) and the Youth Employment
Initiative (YEI) of the Madrid region through the PEJD-2018-PRE/IND-8916 grant.

Conflicts of Interest: The authors declare no conflict of interest.



Nanomaterials 2020, 10, 731 12 of 13

References

1. Wang, Z.L. Nanostructures of zinc oxide. Mater. Today 2004, 7, 26–33. [CrossRef]
2. Wang, Z.L. Zinc oxide nanostructures: Growth, properties and applications. J. Phys. Condens. Matter 2004,

16, R829–R858. [CrossRef]
3. Schmidt-Mende, L.; MacManus-Driscoll, J.L. ZnO—Nanostructures, defects, and devices. Mater. Today 2007,

10, 40–48. [CrossRef]
4. Piqueras, J.; Maestre, D.; Ortega, Y.; Cremades, A.; Fernández, P. Cathodoluminescence study of semiconductor

oxide micro-and nanostructures grown by vapor deposition. Scanning J. Scanning Microsc. 2008, 30, 354–357.
[CrossRef]

5. Grym, J.; Fernández, P.; Piqueras, J. Growth and spatially resolved luminescence of low dimensional
structures in sintered ZnO. Nanotechnology 2005, 16, 931–935. [CrossRef]

6. Khomenkova, L.; Fernández, P.; Piqueras, J. ZnO Nanostructured Microspheres and Elongated Structures
Grown by Thermal Treatment of ZnS Powder. Cryst. Growth Des. 2007, 7, 836–839. [CrossRef]

7. Umar, A.; Kim, S.H.; Kim, J.H.; Al-Hajry, A.; Hahn, Y.B. Temperature-dependant non-catalytic growth of
ultraviolet-emitting ZnO nanostructures on silicon substrate by thermal evaporation process. J. Alloy. Compd.
2008, 463, 516–521. [CrossRef]

8. Jeong, J.S.; Lee, J.Y. Investigation of initial growth of ZnO nanowires and their growth mechanism.
Nanotechnology 2010, 21, 475603. [CrossRef]

9. Wang, F.; Cao, L.; Pan, A.; Liu, R.; Wang, X.; Zhu, X.; Wang, S.; Zou, B. Synthesis of Tower-like ZnO Structures
and Visible Photoluminescence Origins of Varied-Shaped ZnO Nanostructures. J. Phys. Chem. C 2007, 111,
7655–7660. [CrossRef]

10. Wang, X.; Summers, C.J.; Wang, Z.L. Large-Scale Hexagonal-Patterned Growth of Aligned ZnO Nanorods
for Nano-optoelectronics and Nanosensor Arrays. Nano Lett. 2004, 4, 423–426. [CrossRef]

11. Zhu, G.; Yang, R.; Wang, S.; Wang, Z.L. Flexible High-Output Nanogenerator Based on Lateral ZnO Nanowire
Array. Nano Lett. 2010, 10, 3151–3155. [CrossRef] [PubMed]

12. Lee, C.J.; Lee, T.J.; Lyu, S.C.; Zhang, Y.; Ruh, H.; Lee, H.J. Field emission from well-aligned zinc oxide
nanowires grown at low temperature. Appl. Phys. Lett. 2002, 81, 3648–3650. [CrossRef]

13. Ma, X.; Pan, J.; Chen, P.; Li, D.; Zhang, H.; Yang, Y.; Yang, D. Room temperature electrically pumped
ultraviolet random lasing from ZnO nanorod arrays on Si. Opt. Express 2009, 17, 14426–14433. [CrossRef]
[PubMed]

14. He, J.H.; Hsu, J.H.; Wang, C.W.; Lin, H.N.; Chen, L.J.; Wang, Z.L. Pattern and feature designed growth of
ZnO nanowire arrays for vertical devices. J. Phys. Chem. B 2006, 110, 50–53. [CrossRef]

15. Camelio, S.; Babonneau, D.; Lantiat, D.; Simonot, L.; Pailloux, F. Anisotropic optical properties of silver
nanoparticle arrays on rippled dielectric surfaces produced by low-energy ion erosion. Phys. Rev. B 2009,
80, 155434. [CrossRef]

16. Babonneau, D.; Camelio, S.; Simonot, L.; Pailloux, F.; Guérin, P.; Lamongie, B.; Lyon, O. Tunable plasmonic
dichroism of Au nanoparticles self-aligned on rippled Al2O3thin films. EPL (Europhys. Lett.) 2011, 93, 26005.
[CrossRef]

17. Socol, M.; Preda, N.; Rasoga, O.; Costas, A.; Stanculescu, A.; Breazu, C.; Gherendi, F.; Socol, G. Pulsed
Laser Deposition of Indium Tin Oxide Thin Films on Nanopatterned Glass Substrates. Coatings 2018, 9, 19.
[CrossRef]

18. Bonse, J.; Höhm, S.; Kirner, S.V.; Rosenfeld, A.; Krüger, J. Laser-Induced Periodic Surface Structures—A
Scientific Evergreen. IEEE J. Sel. Top. Quantum Electron. 2017, 23, 1. [CrossRef]

19. García-Valenzuela, A.; Alvarez, R.; Rico, V.; Espinos, J.P.; López-Santos, M.C.; Solís, J.; Siegel, J.; Del
Campo, A.; Palmero, A.; González-Elipe, A.R. 2D compositional self-patterning in magnetron sputtered thin
films. Appl. Surf. Sci. 2019, 480, 115–121. [CrossRef]

20. Buividas, R.; Mikutis, M.; Juodkazis, S. Surface and bulk structuring of materials by ripples with long and
short laser pulses: Recent advances. Prog. Quantum Electron. 2014, 38, 119–156. [CrossRef]

21. Gnilitskyi, I.; Derrien, T.J.; Levy, Y.; Bulgakova, N.M.; Mocek, T.; Orazi, L. High-speed manufacturing of
highly regular femtosecond laser-induced periodic surface structures: Physical origin of regularity. Sci. Rep.
2017, 7, 8485. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S1369-7021(04)00286-X
http://dx.doi.org/10.1088/0953-8984/16/25/R01
http://dx.doi.org/10.1016/S1369-7021(07)70078-0
http://dx.doi.org/10.1002/sca.20105
http://dx.doi.org/10.1088/0957-4484/16/6/051
http://dx.doi.org/10.1021/cg060789a
http://dx.doi.org/10.1016/j.jallcom.2007.09.065
http://dx.doi.org/10.1088/0957-4484/21/47/475603
http://dx.doi.org/10.1021/jp067151u
http://dx.doi.org/10.1021/nl035102c
http://dx.doi.org/10.1021/nl101973h
http://www.ncbi.nlm.nih.gov/pubmed/20698630
http://dx.doi.org/10.1063/1.1518810
http://dx.doi.org/10.1364/OE.17.014426
http://www.ncbi.nlm.nih.gov/pubmed/19654850
http://dx.doi.org/10.1021/jp055180j
http://dx.doi.org/10.1103/PhysRevB.80.155434
http://dx.doi.org/10.1209/0295-5075/93/26005
http://dx.doi.org/10.3390/coatings9010019
http://dx.doi.org/10.1109/JSTQE.2016.2614183
http://dx.doi.org/10.1016/j.apsusc.2019.02.206
http://dx.doi.org/10.1016/j.pquantelec.2014.03.002
http://dx.doi.org/10.1038/s41598-017-08788-z
http://www.ncbi.nlm.nih.gov/pubmed/28814773


Nanomaterials 2020, 10, 731 13 of 13

22. Florian, C.; Skoulas, E.; Puerto, D.; Mimidis, A.; Stratakis, E.; Solis, J.; Siegel, J. Controlling the Wettability of
Steel Surfaces Processed with Femtosecond Laser Pulses. ACS Appl. Mater. Interfaces 2018, 10, 36564–36571.
[CrossRef] [PubMed]

23. De Prado, E.; Florian, C.; Sotillo, B.; Siegel, J.; Solis, J.; Fernández, P. Optical spectroscopy study of nano- and
microstructures fabricated by femtosecond laser pulses on ZnO based systems. CrystEngComm 2018, 20,
2952–2960. [CrossRef]

24. Abdelmalek, A.; Sotillo, B.; Bedrane, Z.; Bharadwaj, V.; Pietralunga, S.; Ramponi, R.; Amara, E.-H.; Eaton, S.M.
Origin of femtosecond laser induced periodic nanostructure on diamond. AIP Adv. 2017, 7, 105105. [CrossRef]

25. Fuentes-Edfuf, Y.; Sánchez-Gil, J.A.; Florian, C.; Giannini, V.; Solis, J.; Siegel, J. Surface Plasmon Polaritons on
Rough Metal Surfaces: Role in the Formation of Laser-Induced Periodic Surface Structures. ACS Omega 2019,
4, 6939–6946. [CrossRef]

26. Puerto, D.; Garcia-Lechuga, M.; Hernandez-Rueda, J.; Garcia-Leis, A.; Sanchez-Cortes, S.; Solis, J.; Siegel, J.
Femtosecond laser-controlled self-assembly of amorphous-crystalline nanogratings in silicon. Nanotechnology
2016, 27, 265602. [CrossRef]

27. Liu, X.; Coxon, P.R.; Peters, M.; Hoex, B.; Cole, J.M.; Fray, D.J. Black silicon: Fabrication methods, properties
and solar energy applications. Energy Environ. Sci. 2014, 7, 3223–3263. [CrossRef]

28. Her, T.-H.; Finlay, R.J.; Wu, C.; Deliwala, S.; Mazur, E. Microstructuring of silicon with femtosecond laser
pulses. Appl. Phys. Lett. 1998, 73, 1673–1675. [CrossRef]

29. Zheng, Z.; Lim, Z.S.; Peng, Y.; You, L.; Chen, L.; Wang, J. General Route to ZnO Nanorod Arrays on
Conducting Substrates via Galvanic-cell-based approach. Sci. Rep. 2013, 3, 2434. [CrossRef]

30. Baron, C.F.; Mimidis, A.; Puerto, D.; Skoulas, E.; Stratakis, E.; Solis, J.; Siegel, J. Biomimetic surface structures
in steel fabricated with femtosecond laser pulses: Influence of laser rescanning on morphology and wettability.
Beilstein J. Nanotechnol. 2018, 9, 2802–2812. [CrossRef]

31. Parker, J.H.; Feldman, D.W.; Ashkin, M. Raman Scattering by Silicon and Germanium. Phys. Rev. 1967, 155,
712–714. [CrossRef]

32. Zwick, A.; Carles, R. Multiple-order Raman scattering in crystalline and amorphous silicon. Phys. Rev. B
Condens. Matter 1993, 48, 6024–6032. [CrossRef] [PubMed]

33. Fuentes-Edfuf, Y.; Garcia-Lechuga, M.; Puerto, D.; Florian, C.; Garcia-Leis, A.; Sanchez-Cortes, S.; Solis, J.;
Siegel, J. Coherent scatter-controlled phase-change grating structures in silicon using femtosecond laser
pulses. Sci. Rep. 2017, 7, 4594. [CrossRef] [PubMed]

34. Teixeira, R.C.; Doi, I.; Zakia, M.B.P.; Diniz, J.A.; Swart, J.W. Micro-Raman stress characterization of
polycrystalline silicon films grown at high temperature. Mater. Sci. Eng. B 2004, 112, 160–164. [CrossRef]

35. Cuscó, R.; Alarcón-Lladó, E.; Ibáñez, J.; Artús, L.; Jiménez, J.; Wang, B.; Callahan, M.J. Temperature
dependence of Raman scattering in ZnO. Phys. Rev. B 2007, 75, 165202. [CrossRef]

36. Calleja, J.M.; Cardona, M. Resonant Raman scattering in ZnO. Phys. Rev. B 1977, 16, 3753–3761. [CrossRef]
37. Sotillo, B.; Ortega, Y.; Fernández, P.; Piqueras, J. Influence of indium doping on the morphology of ZnS

nanostructures grown by a vapor–solid method. CrystEngComm 2013, 15, 7080–7088. [CrossRef]
38. Lin, C.H.; Chiou, B.-S.; Chang, C.H.; Lin, J.D. Preparation and cathodoluminescence of ZnO phosphor.

Mater. Chem. Phys. 2003, 77, 647–654. [CrossRef]
39. Ong, H.C.; Du, G.T. The evolution of defect emissions in oxygen-deficient and -surplus ZnO thin films:

The implication of different growth modes. J. Cryst. Growth 2004, 265, 471–475. [CrossRef]
40. Fabbri, F.; Villani, M.; Catellani, A.; Calzolari, A.; Cicero, G.; Calestani, D.; Calestani, G.; Zappettini, A.;

Dierre, B.; Sekiguchi, T.; et al. Zn vacancy induced green luminescence on non-polar surfaces in ZnO
nanostructures. Sci. Rep. 2014, 4, 5158. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/acsami.8b13908
http://www.ncbi.nlm.nih.gov/pubmed/30246525
http://dx.doi.org/10.1039/C8CE00436F
http://dx.doi.org/10.1063/1.5001942
http://dx.doi.org/10.1021/acsomega.9b00546
http://dx.doi.org/10.1088/0957-4484/27/26/265602
http://dx.doi.org/10.1039/C4EE01152J
http://dx.doi.org/10.1063/1.122241
http://dx.doi.org/10.1038/srep02434
http://dx.doi.org/10.3762/bjnano.9.262
http://dx.doi.org/10.1103/PhysRev.155.712
http://dx.doi.org/10.1103/PhysRevB.48.6024
http://www.ncbi.nlm.nih.gov/pubmed/10009138
http://dx.doi.org/10.1038/s41598-017-04891-3
http://www.ncbi.nlm.nih.gov/pubmed/28676639
http://dx.doi.org/10.1016/j.mseb.2004.05.025
http://dx.doi.org/10.1103/PhysRevB.75.165202
http://dx.doi.org/10.1103/PhysRevB.16.3753
http://dx.doi.org/10.1039/c3ce40920a
http://dx.doi.org/10.1016/S0254-0584(02)00120-7
http://dx.doi.org/10.1016/j.jcrysgro.2004.02.010
http://dx.doi.org/10.1038/srep05158
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References

