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ABSTRACT

Herein we present a process for the in-situ growth of CdS nanoparticles using a pulsed laser irradiation. A Nd-YAG laser was applied to ZnO nanorods previously
submerged in an aqueous precursor solution containing cadmium chloride and thiourea. For optimum values of the laser fluence, around 40 mJ/cmz it was possible to
fabricate a highly homogeneous film of CdS nanoparticles covering the ZnO nanorods surface. Cathodoluminescence measurements of the ZnO/CdS structure show the
quenching of the ZnO yellow and green luminescence, indicating the ZnO surface defects passivation by CdS nanostructures. Although lasers have been already used for
inducing growth in solution, this work presents new evidence of in-situ growth on the surface of nanostructured materials. The laser based technique presented is simple,
easy to implement, scalable and it could be applied in the fabrication of nanostructured solar cells and other devices.

1. Introduction

Nanostructured architectures for solar cells have increasingly attracted the attention over the last two decades [1-3]. The extended use of
nanostructures in solar cells represented a breaking point in the junction design by increasing the active area of interaction and the opportunities of
selecting materials and growing techniques. The main driving force has been the promise of high efficiency - low cost solar cells using inexpensive
technological processes and accessible and environmentally friendly materials [4,5]. At the same time, the great potential of exploiting the harvest of
hot carriers as well as the multiple carrier generation in the case of quantum confinement have lead researchers to the search for new strategies to
achieve these goals [6,7]. In general terms a mesoporous wide-band gap semiconductor can work as a scaffold for a multiple choice of sensitizers.
TiO2and ZnO have been the most studied options as wide-bandgap materials forming nanoparticles or vertically aligned nanorods/nanotubes as well.
For the absorber material several choices have been made like dyes (DSSC), conjugates polymers and inorganic semiconductors as films or quantum
dots (extremely thin absorbers (ETA) solar cells and quantum dots solar cells (QDSC) respectively) [8-11]. The sensitizer plays the role of absorbing
light and generating the photocarriers, giving by band gap engineering alignment an electron to the n-type oxide semiconductor scaffold. The positive
charge should be conducted by a different path, using hole transport layers, electrolytes or directly into the rear electrode of the device. However,
beyond the potential of nanostructured devices, there are still many challenges to overcome for achieving a stable, acceptably efficient and low-cost
device. Among them, key roles are played by the selection of materials, the band engineering, the stability and the control of nanostructures sizes and
morphologies by low cost techniques. Also, and perhaps the most important one, the interfacial electron and hole transfer must be optimized as the
primary step for collecting the photogenerated carriers. Many of these issues can be connected to the nanostructures synthesis techniques and more
specifically, to the method used for building the main interface. In the particular case of inorganic heterostructures, the growth of the heterostructure
takes place generally by two methods, in-situ and ex-situ [12,13]. The ex-situ methods consist in the external fabrication of the sensitizer that should
be latter coupled on the scaffold surface. Although the ex-situ method can provide a better nanostructure size and shape control, it presents a poorer
surface coverage and limitations regarding the charge transfer process [13,14]. On the other hand, in the in-situ method the sensitizer is directly grown
over the electron transport layer surface, giving rise to a direct connection which can even be epitaxially obtained [13]. These characteristics lead to a
much better charge transfer between the sensitizer and the wide band gap material. Chemical Bath Deposition (CBD) and Successive lonic Layer
Adsorption and Reaction (SILAR) are the classical in-situ methods giving the possibility to improve the surface coverage by successfully infiltrating
the scaffold [15,16]. Both cases imply the preparation of certain solution volumes as well as using time scales in the order of hours. In this work we
are proposing a method for the fast growth (seconds) of inorganic heterostructures by means of an in-situ pulsed laser induced process. The laser as a
source of energy for nanostructures growth has been used recently in different works [17-19]. Interesting cases are the patterned in-situ CdS
nanocrystals into a polymer matrix [20] and the laser decomposition of zinc acetate for the digital selective growth of ZnO nanorods [21,22]. In our
case we produce homogeneous nanoparticles on the scaffold surface for a particular range of laser fluences. The main advantage is the direct
attachment of the light harvest material to the electron transport material. This allows a direct crystalline lattice connection between both materials
that improves the efficiency of the charge transfer process. Moreover, the process requires minimum quantities of precursors solutions and can be
totally performed in the scale of seconds. Another important advantage is its effectiveness on inter penetrating the scaffold providing a high surface
coverage. Several inorganic sensitizers have been studied but the chalcogenides have probably been the most visited ones. Combination of CdS
nanoparticles decorating ZnO nanorods, CdSe QDs sensitizing TiO2 nanotubes, and CdS/CdSe core/shell QDs covering either ZnO or TiO2
nanostructures, are some examples [23-25]. We have selected CdS, as a well-known material, to test the proposed laser-based method for sensitizing
the ZnO nanorods surface.

2. Experimental

2.1. Materials and methods

2.1.1. ZnO seeds layer

Soda-lime glass and indium-tin oxide (ITO) coated glass were used as substrates to grow the core/shell structures. All the substrates were properly
cleaned and washed before the seeding process, which is an important step to obtain vertically aligned nanorods as well as to guarantee the whole
coverage of the substrate surface [26]. The ZnO seeds layer was grown by the spin-coating method as reported in previous works [22,27]. However,
some sets of samples were intentionally obtained without the seeding process. In these cases, the ZnO nanorods are poorly vertically aligned and tend
to create nanoflowers. This allows us a better exploring of the coverage along the nanorods surfaces.

2.1.2. ZnO nanorods

To grow poorly aligned nanorods, the no seeded substrates were suspended in a stirred solution of 50mM of zinc nitrate hexahydrate and
hexamethylenetetramine (1:1M ratio) contained in a close system and heated at 90 °C for 1.5 h. On the other hand, to obtain vertically aligned
nanorods, seeded substrates were placed horizontally, seeds upwards, in a no stirred solution to further simplify the previous approach. The samples
were then washed with deionized water and dried with a nitrogen stream.

2.1.3. ZnO/CdS nanostructures



To fabricate the CdS shell structure, a 0.2M of cadmium chloride 2.5 hydrate and thiourea aqueous solution (1:1M ratio) was prepared. A volume of
80 pl of solution was dropped over the ZnO nanorods (Fig. 1a), covering the entire substrate surface. Then, a Nd: YAG laser (Bralax, 532 nm) was
placed in such a way that the beam impacted perpendicularly the sample surface (Fig. 1b). We used fluences ranging from 10 mJ/cmzto hundreds of
mJ/cmz, but preventing the substrate damage. To establish the fluence value (+0.3 mJ/cmz2), the energy of the laser was fixed at 28 mJ and the distance
laser-sample was changed. The samples were then irradiated at 13.2, 25.6, 42.3 and 61.7 mJ/cm2. The number of laser-sample interactions, or shots,
was also studied (2 and 5 shots), being 4 Hz the shots frequency in all the cases. The duration of the shot is of 100 ps. References laser-induced grown
CdS samples were made on top of silicon substrates in order to differentiate the new laser grown species from those grown over the nanorods surfaces.
A final experiment was also done in which the process of interaction is repeated in cycles trying to obtain a greater amount of deposited material on
the nanorods surface. In this case the fluence and number of shots were fixed at 40.1 mJ/cmz2and 2 respectively. The procedure was repeated from 1 to
5 times and after each cycle the samples were washed with deionized water and dried to eliminate unwanted residues originated from the solution.

2.2. Characterization

Morphological study and Energy Dispersive X-ray Spectrometry (EDS) measurements were performed using a ZEISS Merlin field emission SEM,
while a PANalitycal X’ Pert Pro diffractometer in Bragg/ Brentano configuration (Cu Ka X-ray source) was employed to study the crystalline
structure of the samples. Raman spectra were measured by means of a Renishaw’ s inVia micro-Raman spectrometer, equipped with a cooled CCD
camera, with a laser excitation wavelength of 514.5 nm. For the Cathodoluminescence (CL) measurements a Gatan MonoCL, belonging to a S-360
Cambridge SEM, was used.

3. Results and discussion

The typical hexagonal ZnO nanorods morphology without previous seeding, as well as the morphologic characteristics of the laser induced
heterostructures for different fluence values and 5 shots can be seen in the SEM images reported in Fig. 2. The micrographs show a progressive
formation of condensed material coating the nanorods surface as the fluence increases. In particular, 42.3 mJ/cmz2was the more effective fluence value,
showing a complete coating of the nanorods. On the other hand, horizontal rods with a rounded appearance predominate when the fluence reaches
61.7 mJ/cmz (Fig. 2d). The reference samples of CdS grown on silicon substrates confirm that these elongated species are properly due to the
interaction of the pulsed laser irradiation with the precursor CdS solution, as can be noticed in Fig. 2(f-h). A high surface coverage of the ZnO with a
thin shell of CdS nanoparticles was obtained using a fluence of 41.7 mJ/cmz (close to the previous 42.3 mJ/cmzin Fig. 2c) but decreasing to 2 the
number of shots. This complete decoration with CdS nanoparticles grown in-situ over the ZnO surface can be observed in Fig. 3 from a) to d). Images
3 e) and f) represent the EDS spectra for the sample before and after the laser induced process. In both cases it can be observed the peaks
corresponding to Zn and O, as well as other peaks related with the substrate, principally Si. As can be noticed, after the laser interaction the spectrum
contains additionally the Cd, Cl and S peaks. The intensity of Cd and Cl is higher compared with the S one, indicating the possible presence of
precursor residues used in the aqueous solution, in particular CdCl2. The low intensity of S can be explained by the presence of very thin layers of
CdS deposited in the nanorods surface. For samples where the ZnO nanorods were grown after seeds deposition and using the no-stirring
configuration in the chemical bath process (described in the experimental section), a higher nanorods density as well as a reduction of their diameters
to around 50 nm was achieved (Fig. S1 of supplementary information). This is favourable for

Fig. 1. Laser induced growth to obtain the ZnO/CdS core/shell structures. Red circles in the experimental setup frame the laser (bigger circle) and the sample holder
(smaller circle). The fluence and number of laser shots are the main studied parameters (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

photovoltaic applications, where the optimal diameter is between 20 nm and 40 nm [28]. In this case, the laser induced process was done at 40.1
mJ/cmz, 2 shots and repeated in 5 cycles. After each cycle the samples were washed and dried. We have obtained a homogeneous and granular
covering of the nanorods surface, forming the desired ZnO/CdS core/shell structures without residues or features like nanoparticles, sheets or rods.
We believe this is a result of the samples washing after each cycle. The laser-based technique resulted to be an in-situ method useful to infiltrate
nanoparticles onto the ZnO nanorods scaffold surface. The characteristics of the final heterostructures to obtain depend on the values of the involved
parameters (fluence and shots). Fig. 4 shows the X-ray diffraction (XRD) patterns for ZnO/CdS heterostructures corresponding to samples irradiated
with 61.7 mJ/cm2 (5 shots) and 41.7 mJ/cm2 (2 shots), respectively. The presence of ZnO with hexagonal phase is revealed in both cases (JCPDS PDF
# 03-0888), as well as some peaks corresponding to CdCl2 (JCPDS PDF # 85-1266) precursor residues. Also, sample irradiated with 41.7 mJ/cm2
shows the peaks corresponding to ITO substrate (JCPDS PDF # 89-4599). CdS peak can be observed for 61.7 mJ/cmz, suggesting the growth of this
material with hexagonal phase (JCPDS PDF # 75-1545) after the laser interaction. However, the sample irradiated with 41.7 mJ/cm2 does not show
any peak corresponding to CdS. These results can be due, in agreement with SEM images, to the presence of a very thin layer of material covering the
nanorods for 41.7 mJ/cmz2 and the existence of condensed structures of CdS for 61.7 mJ/cmaz. Fig. 5 shows the Raman spectra of three samples: ZnO
nanorods, ZnO/CdS (42.3 mJ/cmz, 5 shots) and ZnO/CdS (61.7 mJ/cmz, 5 shots). In each case, a comparison with standard patterns [29]
corresponding to ZnO and CdS, both with hexagonal phase, has been made to determine the present phases in the samples. The graphs on the left
show an evident correspondence between peaks from the ZnO nanorods sample and the ZnO standard, which means the nanorods have the same
hexagonal phase. These peaks are also present in the laser irradiated samples as it was expected. The characteristic peaks of CdS, located between 150
cm-1and 325 cm-1, are present also for the two laser irradiated samples. On the other hand, peaks at 357 cm-1and 474 cm-1 (marked with circles) are
attributed to defects or residues from the fabrication process. This result, in addition to the XRD measurements, is a proof that CdS crystalline
material grew using the laser technique. The CL spectrum corresponding to ZnO nanorods grown by CBD is shown in Fig. 6a. The pattern is mainly
composed by two principal peaks centered at 3.21 eV and 2.18 eV, the former usually associated to the ZnO bandgap and the latter to defects present
in the material. A Gaussian deconvolution allowed us to discern a minimum of emissions that could contribute to the broad peak at 2.18 eV and
features like “shoulders” in the measured pattern. Then it was possible to find two peaks commonly attributed to the Yellow Luminescence (YL)
and Green Luminescence (GL) at 2.17 eV and 2.51 eV respectively, as previously reported in literature [30,31]. YL is usually present in ZnO
nanostructures grown by aqueous methods, that include zinc nitrate and HMT as precursors, and it is originated by oxygen interstitials not located at
the surface [30]. On the other hand, GL is commonly related with oxygen vacancies, although there is a great controversy about what can cause it.
Nevertheless, there are evidences suggesting the presence of the GL defects at the surface [31]. The peak located at 3.22 eV

Fig. 2. SEM images from the heterostructures obtained on glass by pulsed laser irradiation: a) ZnO/CdS (13.2 mJ/cmz, 5 shots), b) ZnO/CdS (25.6 mJ/cmz, 5 shots),
€) ZnO/CdS (42.3 md/cmz, 5 shots), d) ZnO/CdS (61.7 mJ/cmz, 5 shots) and €) as grown ZnO nanorods (no seeded, stirred growth). Images f), g) and h) show the
formation of rods-like structures after laser irradiation for three samples: Si/CdS (42.3 mJ/cmz, 5 shots), ZnO/CdS (42.3 mJ/cmz, 5 shots) and ZnO/CdS (61.7 mJ/
cmz, 5 shots), respectively. Black circles enclose those structures and dashed line in h) divides the zone where the laser impacted (left part) from the external zone.



Fig. 3. SEM images of: a) and c) ITO/ZnO nanorods before laser interaction (stirred growth), b) and d) ITO/ZnO/CdS sample where it was obtained the expected
core/shell structure (41.7 md/cmz, 2 shots), e) and f) corresponding EDS spectra.

Fig. 4. XRD patterns for ZnO/CdS heterostructures irradiated with laser fluences of 41.7 mJ/cmz (2 shots) and 61.7 mJ/cmz (5 shots) respectively. SEM images have been
added in each case to better understanding and visualization of the results.

corresponds to near-band-edge (NBE) transitions intrinsic of the ZnO nanorods [32], while the peak around 3.12 eV is attributed to transitions
between the valence band and oxygen vacancies levels located at 0.05 eV below the conduction band [30]. In the case of the ZnO/CdS core/shell
structures (41.7 mJ/cmz), the CL spectrum shows a unique broad peak centered at about 2.81 eV (Fig. 6b)). Both the YL and the GL emission
decrease in the spectrum, suggesting that with the growth of the CdS layer on the nanorods surface, a big part of the ZnO superficial defects were
passivated. As in the previous graph, a Gaussian fitting was made to obtain a better interpretation of the origin of the peak, which covers a wide
spectral range. Then, a peak at 3.2 eV corresponding to the ZnO bandgap or excitonic transitions, and a weak peak around 2.4 eV were found, that can
correspond with a remnant GL or the CdS NBE. In case of being attributed to CdS NBE, the low intensity of this peak may indicate that a part of the
excited electrons is transferred to ZnO nanorods instead of recombining, due to the favorable coupling of the bands of the two materials, although it
may also mean that the CdS layer is very thin. On the other hand, the peaks located at 2.73 eV and 2.98 eV have been observed when Cd impurities
are introduced in the ZnO structure [33]. Also, these have been eventually attributed to blue emissions, in some cases due to oxygen or zinc vacancies
in ZnO [30]. In general, zinc vacancies in this material are difficult to achieve [30], but a laser interaction has been able to produce them, as reported
previously [34]. The EDS measurements (Fig. 3) show an increase of the O/Zn ratio after the laser irradiation. Therefore, we could relate the present
blue emissions to zinc vacancies originated after the interaction sample laser. Another hypothesis is the presence of quantum confinement due to the
appearance of small CdS nanocrystals, in case their sizes were in the order of the Bohr radius of the material. The result of this quantum

Fig. 5. Raman spectra corresponding to: (left) ZnO nanorods and ZnO standard pattern [29], (right) ZnO/CdS structures (42.3 mJ/cmz2 and 61.7 mJ/cmz, 5 shots) and
CdS standard pattern [29]. Peaks marked with circles are attributed to defects or residues.

Fig. 6. CL spectra is shown for ZnO nanorods before (a) and after (b) being covered with CdS by laser induced growth (41.7 md/cmz, 2 shots). The Gaussian
deconvolution helps to understand the contribution of several effects to the original pattern.

effect is the shift of the fundamental transition to energies higher than the bandgap value of the bulk (2.4 eV). The high intensity of these peaks could
be explained taking into account the noticeable increase of the superficial area of the material forming nanoparticles. That promotes electrons to
recombine easily and do not be transferred to ZnO, due to a higher presence of defects at the surface. Considering this last hypothesis as possible, the
obtained shell will be formed by CdS as bulk material and very small nanoparticles, which present quantum confinement. However, this hypothesis
requires some additional analysis and measurements to be verified.

4. Conclusions

We present a laser-based technique as a useful in-situ tool to sensitize and infiltrate scaffold structures, like ZnO nanorods, with other functional
material like CdS. The morphology of the as grown material and the extent of surface coverage of the nanorods, depends on the fluence and number of
shots during laser treatment. The fluence of the laser influenced the formation of condensed shells on the ZnO nanorods surface or independent
structures like CdS nanorods as well. Moreover, changing the number of shots, the method allowed to obtain thin shells formed of nanoparticles. In
addition, experiments where the number of laser interaction cycles increased, showed more homogeneity in the growth. This laser based technique
allows to growth the absorber materials directly onto the electron transport material surface, providing a better connection for the charge transfer
process. It was corroborated the presence of hexagonal CdS and ZnO by means XRD and Raman spectroscopy. On the other hand, CL measurements
before and after the laser irradiation indicated the passivation of surface defects of the nanorods with the CdS deposition, as the decreasing of green
and yellow luminescence emissions suggested. Some hypothesis related to blue emission peaks in the laser irradiated sample, include doping of ZnO
nanorods, creation of vacancies due to laser interaction and possible formation of nanocrystals with quantum behavior.
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Fig. 1. Laser induced growth to obtain the ZnO/CdS core/shell structures. Red circles in the experimental setup frame the laser (bigger circle) and the sample holder
(smaller circle). The fluence and number of laser shots are the main studied parameters (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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Fig. 2. SEM images from the heterostructures obtained on glass by pulsed laser irradiation: a) ZnO/CdS (13.2 mJ/cmz, 5 shots), b) ZnO/CdS (25.6 md/cmz, 5 shots),
) ZnO/CdS (42.3 mJ/cmz, 5 shots), d) ZnO/CdS (61.7 mJ/cmz, 5 shots) and e) as grown ZnO nanorods (no seeded, stirred growth). Images f), g) and h) show the
formation of rods-like structures after laser irradiation for three samples: Si/CdS (42.3 mJ/cmz, 5 shots), ZnO/CdS (42.3 mJ/cmz, 5 shots) and ZnO/CdS (61.7 mJ/
cmz, 5 shots), respectively. Black circles enclose those structures and dashed line in h) divides the zone where the laser impacted (left part) from the external zone.



0 2 4 =3 8 10 0 2 4 6 8 10

Fig. 3. SEM images of: a) and c) ITO/ZnO nanorods before laser interaction (stirred growth), b) and d) ITO/ZnO/CdS sample where it was obtained the expected
core/shell structure (41.7 md/cmz, 2 shots), e) and f) corresponding EDS spectra.
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Fig. 4. XRD patterns for ZnO/CdS heterostructures irradiated with laser fluences of 41.7 mJ/cm2 (2 shots) and 61.7 mJ/cm2 (5 shots) respectively. SEM images have been
added in each case to better understanding and visualization of the results.
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Fig. 5. Raman spectra corresponding to: (left) ZnO nanorods and ZnO standard pattern [29], (right) ZnO/CdS structures (42.3 mJ/cmz2 and 61.7 mJ/cmz, 5 shots) and
CdS standard pattern [29]. Peaks marked with circles are attributed to defects or residues.



Relative intensity (a.u)

Relative intensity (a.u)

a)

= CL measurement (ZnO)
— Fit
- 3.22 (ZnO nanorods NBE)
2.5 (GL)
217 .0YL)
—3.12 (V- VB transition)

16 1.8 2.0 2.2 2.4 26 2.8 3.0 32 3.4 36
Energy (eV)

b)

» CL measurement (ZnO/CdS 41.7 mJ/cm?)
e it
~——3.22 (Zn0O nanorods NBE)
—2.37 (CdS NBE)
2.98 (BL/CdS confinement)
—2.73 (BL/CdS confinement)

16 1.8 20 22 24 26 28 3.0 3.2 34 36
Energy (eV)



Fig. 6. CL spectra is shown for ZnO nanorods before (a) and after (b) being covered with CdS by laser induced growth (41.7 mJ/cmz, 2 shots). The Gaussian
deconvolution helps to understand the contribution of several effects to the original pattern.



