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Abstract: The process of effective solar energy harvesting and conversion requires efficient photon
absorption, followed by charge generation and separation, then electron transfer. Nanostructured
materials have been considered as potential building blocks for the development of future genera-
tions of solar cells. Much attention has been given to wide-bandgap semiconductor nanowires, com-
bined and sensitized with low-bandgap semiconductors effectively attached to the nanowires for
low-cost and highly efficient solar cells. Here, the in situ growth of lead sulfide (PbS) nanoparticles
on the surface of zinc oxide (ZnO) nanowires grown by the Successive Ionic Layer Adsorption and
Reaction (SILAR) technique is presented for different numbers of cycles. The morphology and struc-
ture of PbS nanoparticles are confirmed by Scanning Electron Microscopy (SEM), revealing the dec-
oration of the nanowires with the PbS nanoparticles, Transmission Electron Microscopy (TEM) and
HR-TEM, showing the tight attachment of PbS nanoparticles on the surface of the ZnO nanowires.
The Selected Area Electron Diffraction (SAED) confirms the crystallization of the PbS. Photolumi-
nescence spectra show a broad and more intense deep-level emission band.

Keywords: zinc oxide nanowires; PbS nanoparticles; vertically oriented nanowires; pulsed-laser
deposition; SILAR

1. Introduction

Zero- and one-dimensional nanostructures [1-4] have attracted lots of attention due
to their unique properties (physical and chemical) in different applications, specifically,
in solar energy harvesting [3,5], conversion and storage [6-9]. Semiconductor NPs, 0D,
with their tunable bandgap, span the optical absorption of most of the solar spectrum and
have a strong light absorption coefficient compared to Si and organic materials. In addi-
tion, NPs provide multiple exciton generation, but are not effective for charge separation
and transportation [10], while nanowires (NWs) in solar cells allow charge generation,
separation and transportation [11]. The unique geometry of NW arrays allows optical re-
flection-enhancing light trapping and absorption (Figure 1). They also drive the charge
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separation and direct the transportation of photo-generated electrons, thus minimizing
electron—hole recombination [12].

Nanowires Nanowires

Figure 1. Schematic illustration of nanowires during (a) light trapping and (b) electron transport to
electrodes.
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ZnO NWs have been widely studied over the last decade because of their wide ap-
plications in optics, electronics [2,13-16], clean and sustainable solar cells [17-20], piezoe-
lectric [21-24] and sensing [25-28]. ZnO is a wide-bandgap semiconductor of 3.37 eV and
has high exciton energy of 60 meV, which makes it promising for optical devices [29]. The
preferred choice of light-absorbing semiconductor nanocrystal is metal chalcogenides
(such as PbS, CdS, PbSe, CdSe) [30-32] because of their solution processing ability and
exhibition of photo-stability in solar cells. The matching of the band energies of the two
semiconductors facilitates the desired function to improve the charge separation by
driven electrons and holes in two different nanoparticles (Figure 2). PbS has unique prop-
erties among other chalcogenides. Its large excitonic Bohr radius (~18 nm) allows the
bandgap of PbS particles to be easily tuned anywhere between 0.41 and 2 eV, thus cover-
ing the entire visible spectrum [33].

Electron Injection

hv

v

Figure 2. Illustration of the operation of quantum dot-sensitized solar cells, reflecting the charge
injection from the absorber (PbS) into electron transport layer (ZnO) .

Figure 3 illustrates the hybrid radial junction solar cell where PbS NPs decorate the
surface of the ZnO NWs, resulting in a heterojunction interface. This structure reflects a
large interface and short carrier diffusion range which will cause efficient carrier separa-
tion and transportation and low-charge carrier recombination [34].
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Figure 3. Illustration of ZnO nanowires decorated with PbS NPs forming a radial junction.

PbS colloidal quantum dots (CQDs) are usually synthesized by chemical routes and
have an insulating capping layer composed of long hydro-carbon chain such as oleic acid
(OA), and thus, in order to improve the charge transport from the QDs to the ZnO NWs,
a de-capping process with short ligands such as MPA [35] and EDT [36] is required.

Considering these points, the Chemical Bath Deposition (CBD) and Successive Ionic
Layer Adsorption and Reaction (SILAR) methods are advantageous for the direct growth
of the PbS NPs. In the CBD method, the PbS NPs’ size can be controlled by changing the
reaction time, while in the SILAR method, this can be changed by the number of cycles.
The SILAR method is considered a simple and scalable technique [37]. It does not require
vacuum nor high temperature, and can be used with different types of substrates, making
it promising for industrial applications. SILAR can also pack NPs tightly onto the surface
of the ZnO NWs without insulating the nature organic ligand, which affects the electronic
structure at the interface and the electron transfer rate [38].

Some researchers have demonstrated PbS-sensitized ZnO nanostructures, but their
ZnO NWs were randomly oriented and not very well spaced [19,39,40]. Thus, it is hard to
cover the entire ZnO NWs by PbS NPs, and very difficult to deposit the electrode contacts.

Herein, we demonstrate the successful in situ growth of PbS NPs on vertically ori-
ented ZnO NWs using the SILAR technique for different numbers of cycles, without the
use of the organic ligand and with full coverage of the nanowires.

2. Materials and Methods

High-quality vertically oriented NWs were grown perpendicular to the substrate sur-
face by pulsed-laser deposition (PLD) [41] with a length of 1.4 um, diameter of 50 nm, and
spacing of 75 nm. The surface of the free-standing ZnO NWs is hydrophobic; therefore,
oxygen plasma ashing was performed for 3 min to make ZnO NWs hydrophilic to obtain
better wettability.

PbS nanoparticle growth was carried out at room temperature by a chemical method
known as the SILAR method using 2 different solutions: PbCl2 (C1) as a cationic precursor
and Na:S (A1) as an anionic precursor. The cationic solution, C1, is composed of 18.4 mg
of PbCl: dissolved in 10 mL methanol PbCl, + CH,0 — Pb2* + 2CI~ + -+, while the ani-
onic solution, A1, is composed of 5.21 mg of Na:S dissolved in 10 mL of dimethyl sulfoxide
(DMSO) Na,S + C,H¢0S — 2Na* + S?~ + ---. The parameters are summarized in Table 1.
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Table 1. Parameters used for SILAR.

Sample PbClz (mg) Na:S (mg) Dipping Time Number of Cycles
SA 18.4 5.21 70s 5 cycles
SB 18.4 5.21 70s 10 cycles
SC 18.4 5.21 70s 16 cycles

Three samples—samples A, B and C—were selected, composed of perfectly oriented
ZnO NWs grown on silicon substrate with a thin ZnO seed layer. These 3 samples were
dipped successively into the cationic solution C1 for 70 s, rinsed with methanol for 60 s to
avoid an excess of ions, and dried with nitrogen (N2). This process was then followed by
dipping these samples into anionic solution A1 for another 70 s, rinsing them with DMSO
for 60 s to remove the unreacted S?~ ions and drying them with N2. The PbS nanoparticles
were then formed. The reaction mechanism observed was: Pb?* + $2~ — PbS.

This whole process is referred to as one full coating cycle, and was repeated 5, 10 and
16 times. The process is illustrated in Figure 4.

Figure 4. The scheme of PbS thin-film deposition (oPb?; ® 5*) by SILAR: (a) Pb? cationic precursor,
(b) ion exchange water, (c) S* anionic precursor and (d) ion exchange water.

The morphological properties of the synthesized PbS NPs at different SILAR cycles
on ZnO NWs were examined with FEI Helios G4 (Hillsboro, OR, USA) and FEI Magellan
400 (Hillsboro, OR, USA), and photoluminescence properties were studied using Raman
Lab with the samples excited using a HeCd laser at 325 nm. The structural properties of
the PbS NPs decorating ZnO NWs were characterized using a Bruker D8 Discover high-
resolution X-ray diffractometer (XRD, Tokyo, Japan) with CuKaand A = 1.5406 A and
Transmission Electron Microscopy —FEI—TEM Tecnai (Hillsboro, OR, USA).

3. Results and Discussion:
3.1. Morphological Properties

It was noticed that the substrate became dark after several cycles because of the dep-
osition of small PbS NPs. Figure 5a,b show the top view and tilted view of the ZnO NWs
without PbS NPs, while Figure 5c-h illustrate the ZnO NW samples A, B and C, with a
top view and tilted view of the co-sensitized PbS NPs at different cycles (5, 10 and 16,
respectively). This clearly shows that PbS NPs have been deposited on ZnO NWs with
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different sizes and that they were successfully distributed on the lateral area and top of
the ZnO NWs, which will play an important role in improving the conversion efficiency.

ag c]i WD HFW [Beam Mode]| Gt | ——
/| TLD | 400 000 x| 1.4 mim | 746 nm | N-Beam |20 °[

HFW | tilt | det ]
28 pm| 50 ° [ TLD KAUST Helios
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Figure 5. SEM images of ZnO NWs grown by PLD Top (a,c,e,g) and tilted (b,d,f h) view;
(a,b) before PbS deposition, and (c-h) after PbS deposition for different cycles: (c,d) after
5 SILAR cycles, (e,f) after 10 SILAR cycles and (g, h) after 16 SILAR cycles.

The HR-TEM image (Figure 6) illustrates the synthesized PbS QDs on the surface of
the ZnO NWs for the different numbers of cycles.

The SILAR process was repeated 5, 10 and 16 times. It was noticed that the PbS QDs
homogeneously decorated the surface of the ZnO NWs. The size of most PbS QDs synthe-
sized at 5, 10 and 16 cycles are presented in Table 2.

The size of the PbS NPs is in the range of 3.1 to 4.3 nm, 4.7 to 6 nm and 7 to 9 nm
diameter for 5, 10 and 16 cycles, respectively. The morphology of PbS NPs is hemispheri-
cal, oriented towards the surface of the ZnO.

It is noticed that, for the five SILAR cycles, much of the ZnO nanowire surface is still
not fully covered with PbS QDs. The density increases with the increasing number of cy-
cles. FFT images reveals the d spacing of the deposited PbS NPs. The different planes
identified are summarized in Table 2. Three different d spacings were identified and are
summarized in Table 3.

Table 2. Summary of PbS NPs sizes deposited for different numbers of cycles.

Sample Number of Cycles PbS NPs Size Spherical Shape
A 5 ~3.1-4.3 nm
B 10 ~4.7-6 nm
C 16 ~7-9 nm

Table 3. D spacing identified by TEM and its corresponding plane.

D (A°) Plane
3.5 (111)
2.53 (200)
2.12 (220)

1
The calculated bandgap Eg = 0.41 + ———————— reflects the tuned bandgap based

on the diameter of the PbS QDs. The theoretical EGs are presented in Table 4.

Table 4. Theoretical bandgaps based on the size of the QDs.

Number of Cycles PBS NP Size (NM) EG (EV)
16 ~7-9 0.66
10 ~4.7-6 0.863

5 ~3.14.3 1.13
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Figure 6. Low- and high-resolution TEM images demonstrate the configuration of the PbS-QD/ZnO
NWs. Corresponding FFT patterns reveal the ordering of the super lattices of (a) PbS deposition for
16 SILAR cycles (b) PbS deposition for 10 SILAR cycles, and (c) PbS deposition for 5 SILAR cycles.

3.2. Optical Properties

Figure 7a depicts the PL measurements conducted at room temperature using the
HeCd laser (325 nm, 8 mW) for all three samples. It is clear that the deposition of PbS
nanoparticles for different numbers of cycles (5, 10 and 15 cycles) on ZnO nanowires
showed very similar PL spectra, dominated by a strong narrow ultraviolet (UV) emission
centered at 379.47 nm (3.26 eV), 378.7 nm (3.274 eV) and 377.3 nm (3.289 eV), respectively.
By increasing the number of cycles, the corresponding near-band emission (NBE) showed
a blue shift (Figure 6). The lattice mismatch between ZnO and PbS, causing strain, is re-
flected in the PL spectrum [42,43]. The PL spectra illustrated in Figure 7a show a broad
visible band, indicating that the as-grown ZnO and ZnO/PbS nanostructures should have
preferable electronic transport properties. The deep-level emission (DLE) band centered
in the green and yellow band is broad and intense. The peak in the green zone is known
to be allocated to shallow donor effects (oxygen vacancies) at 517.47 nm, 529 nm and 543
nm, corresponding to 5, 10 and 16 SILAR cycles, respectively. The peak in the yellow zone
is known to be related to deep effects (oxygen interstitials) at 584 nm. The intensity ratios
of NBE to DLE for the green emission are 7.2, 3 and 10.1, respectively, which shows that
the intensity of the green emission is lower at higher concentrations, while the DLE oc-
curred a red shift with a decrease in the intensity of the PL at 16 cycles, due to the increase
in the size of the PbS nanoparticles and their aggregation [44]. On the other hand, the
intensity ratios of NBE to DLE for the yellow emission are 20, 6.86 and 12, respectively,
according to the number of SILAR cycles. It is noticed that the intensity of the DLE is
lowest before depositing the PbS nanoparticles, which implies surface modifications
caused by the attachment of PbS on the surface.
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Figure 7. (a) PL spectra of the ZnO NWs decorated with PbS NPs synthesized at different SILAR
cycles and (b) NBE wavelength of the ZnO NWs decorated with PbS NPs in relation to the number

of cycles.

Figure 8 shows the X-ray fluorescence (XRF) data on the relative intensity of lead
(PDb), sulfur (S) and zinc (Zn) for three different numbers of cycles. The difference in inten-
sity is due to the different concentration of PbS grown directly on the ZnO NWs. A higher
intensity is identified in sample C, which corresponds with the higher number of cycles

(16 SILAR cycles).
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Figure 8. XRF spectra of the ZnO/PbS heterostructure at different concentrations. (a) 16 SILAR
cycles, (b) 10 SILAR cycles, and (c) 5 SILAR cycles

Figure 9 illustrates the XRD pattern of the ZnO/PbS heterojunction. Plane (220) of PbS
can be identified on the spectrum in addition to the plane of ZnO identified at 34.4° that
corresponds to plane (002). Plane (220) of the PbS was also confirmed by TEM, and also
revealed two other planes—(111) and (200) —based on the d spacing of the PbS NPs.



Coatings 2022, 12, 1486

10 of 14

5cycles Si
10 Cycles

ZnO (002)

Intensity (a.u)

30 35 40 45 50 55 60 65 70
2theta ( © )

Figure 9. XRD pattern of ZnO/PbS heterojunction: 5 cycles and 10 cycles.

3.3. Total Internal Reflection Fluorescence Microscope (TIRF)

Figure 10 shows the optical properties of PbS QDs at the single molecule level. The
PbS QDs adsorbed on the surface of the coverslip are observed with total internal reflec-
tion fluorescence (TIRF) microscopy at room temperature (22 °C). Emission signals of PbS
QDs excited with a 532 nm DPSS laser (Cobolt Samba, Hubner Photonics, Solna, Sweden),
, 15 mW,were imaged by a TIRF microscope (IX-71, Olympus, Tokyo, Japan, oil-immer-
sion 100x objective) and recorded using EMCCD (ImagEM C9100-13, Hamamatsu, pho-
tonics, Hertfordshire, UK) and MetaMorph 7.6 (Molecular Devices, San Jose, CA, USA)
imaging software at a 50 ms time resolution. The data were analyzed using DiaTrack 3.05
(Pascal Vallotton, Zurich, Switzerland) and Image] (1.53t 24, National Institute of Health,
Bethesda, MD, USA).

The kymographs shown in Figure 10B display the lifetime of fluorescence of individ-
ual QD highlighted by the lines (a, b, ¢, d and e) on Figure 10A. Each kymograph consists
of 500 consecutive images of the selected QDs. The ON (the white spots) and OFF (the
black spots) states of the fluorescence are clearly shown by the kymographs.
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Figure 10. Optical characterization and photophysical properties of PbS QDs adsorbed on a glass
coverslip. (A) The 1st TIRF image of PbS QDs extracted from a time lapse movie (Aexc. = 532 nm). (B)
Representative kymograph displaying the lifetime of fluorescence of individual particles present on
the lines (a, b, ¢, d and e) highlighted on Figure 10A.
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PbS QDs have shown intermittent fluorescence or blinking phenomena (unsystem-
atic switching between emitting and non-emitting states) attributed to Auger recombina-
tion or surface trap-induced recombination.

4. Conclusions

A heterojunction has been constructed composed of PbS quantum dots and ZnO nan-
owires for a quantum dot-sensitized solar cell which is expected to improve charge trans-
fer and boost the efficiency of the solar cell.

PbS NPs have been embedded within ZnO NWs using the Successive Ionic Layer
Adsorption and Reaction (SILAR) technique with no organic materials. The effect of the
number of SILAR cycles on the density and the sizes of the NPs has been investigated.
The grown NPs were crystalline, which was confirmed by XRD and TEM. The ZnO NWs
were treated by plasma ashing to improve their wettability properties.

Our research has demonstrated that the SILAR technique can be used effectively to
synthesize quantum dots at different densities and sizes on the surface of ZnO nanowires
with high quality, and should be considered as the building block for solar cells.

5. Patents
This work is based on our patent number “US 2015/0280017 A1”.
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