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ZnO Nanowires: Growth, Properties, and Energy Applications

Vincent Consonni

Université Grenoble Alpes, CNRS, Grenoble INP, LMGP, F-38016 Grenoble, France;
vincent.consonni@grenoble-inp.fr

As a biocompatible semiconductor composed of abundant elements, ZnO, in the form
of nanowires, exhibits remarkable properties, mainly originating from its wurtzite structure
and correlated with its high aspect ratio at nanoscale dimensions. ZnO nanowires have thus
received increasing interest in the community and have specifically emerged as a potential
building block for a wide variety of devices in the field of energy conversion. Among the
different energy conversion applications, ZnO nanowires have, to name just two examples,
been integrated into nanostructured solar cells and piezoelectric devices. Despite the vast
number of publications in the field, there is still a significant need to explore the growth of
ZnO nanowires, to more precisely elucidate and control their fundamental properties, and
to improve their integration into real-world engineering devices.

In terms of growth, one of the most difficult challenges consists in integrating ZnO
nanowires over dedicated localized areas and dedicated substrates, both of these being
relevant for the targeted devices. Durbach et al. report a nano-second laser irradiation
process for generating Au catalysts over dedicated areas, thus controlling the position of
ZnO nanowires grown by chemical vapor deposition through a selective growth approach
compatible with large surfaces [1]. Schaper et al. show the formation of ZnO nanowires
over single-walled carbon nanotubes and graphene using a full chemical vapor deposition
approach, further achieving selective growth over dedicated areas [2]. Another challenge
consists in developing innovative heterostructures made of ZnO nanowires combined with
a selected semiconductor. Jin et al. develop the growth of semiconducting shells (i.e., ZnS
and Ag2S) deposited by successive ionic layer adsorption and reaction on ZnO nanowires,
further revealing their UV-sensing properties [3]. Zhang et al. report on the fabrication
of heterostructures made from ZnO nanorods covered with TiO2−x mesoporous spheres,
revealing their properties for photocatalytic hydrogen production [4].

The integration of ZnO nanowires into nanostructured solar cells as an electron-
transporting material is driven by the expected benefits of light-trapping phenomena
and efficient charge carrier management. However, beyond the proof-concept of ZnO
nanowire-based solar cells, the need to carefully optimize the dimensional parameters
suffers from technological challenges. Sekar et al. report on the optimization of the dimen-
sions of ZnO nanowires and their impact on the photovoltaic properties of FACsPb(IBr)3
perovskite solar cells, further exploring the use of a carbazole-based hole-transporting
material [5]. Hector et al. investigate the effect of the thickness of the Sb2S3 shell over the
photovoltaic properties of extremely thin absorber solar cells, revealing the dimensional
trade-off required [6].

ZnO nanowires, with their growth direction oriented along the piezoelectric and polar
c-axis, act as the active layer in piezoelectric devices, which are largely developed using a
vertically integrated configuration. By combining finite-element method calculations with
experimental data available in the literature, Lopez-Garcia et al. report on dimensional
roadmap and optimization guidelines, showing that the range of optimal radius, that fully
deplete ZnO nanowires in terms of charge carriers, depends on the growth technique [7].
Lopez-Garcia et al. reveal the fabrication of gravure-printed ZnO seed layers as an al-
ternative process in order to subsequently form ZnO nanowires over flexible polymer
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substrates, further characterizing their piezoelectric properties using piezoresponse force
microscopy [8]. Tlemcani et al. show the integration of ZnO nanowires into flexible piezo-
electric nanogenerators and compare their performance using two seed layer structures
(i.e., Au/ZnO vs. ITO/ZnO) [9]. Zhai et al. report on the combination of ZnO nanowires
with a cellulose nanofiber film, further revealing their electromechanical and UV-sensing
properties [10].

Ultimately, assembling ZnO nanowires into hierarchical structures represents a promis-
ing approach for further increasing their integration into engineering devices. Di Mari et al.
report on the formation of ZnO nanostars made of agglomerated nanowires and explore
their properties as pseudo-capacitors for energy storage [11].

In summary, this Special Issue brings together more than 80 authors from different
countries, who submitted 11 original research articles conveying their foundational research
dedicated to ZnO nanowires. Overall, if the present Special Issue cannot fully reflect the
high diversity rapidly developing in the community of ZnO nanowires, it will certainly
contribute to research interest in the field.
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Abstract: Photocatalytic water splitting into hydrogen is regarded as one of the key solutions to
the deterioration of the global environment and energy. Due to the significantly reduced grain
boundaries, ZnO nanorods facilitate a fast electron transfer through their smooth tunnels and are
well suited as a photocatalyst. However, the photocatalytic hydrogen evolution performance of
pristine ZnO nanorods is still low due to the high recombination rate of photogenerated electron-hole
pairs and the less light absorption. Here, a novel structure about black ZnO nanorods (NRs)/TiO2-X

mesoporous spheres (MSs) heterojunction has been prepared and the photocatalytic hydrogen
evolution performance has been explored. The photocatalytic activity test results showed that
ZnO NRs/TiO2-X MSs exhibited higher catalytic activity than ZnO NRs for hydrogen production.
Compared to the pure ZnO NRs photoanode, the photocurrent of ZnO NRs/TiO2-X MSs heterojunction
photoanode could reach 0.41 mA/cm2 in view of the expanding spectral response region and effective
inhibition of e−/h+ recombination at the same condition. Using a relatively integrated experimental
investigation and mechanism analysis, we scrutinized that after being treated with NaBH4, TiO2 MSs
introduce oxygen vacancies expanding the photocatalytic activity of pure TiO2, and improving
conductivity and charge transport capabilities through coating on ZnO NRs. More importantly,
the results provide a promising approach in the NRs/MSs composite structure serving as photoanodes
for photocatalytic hydrogen production.

Keywords: ZnO NRs/TiO2-X MSs heterojunction; photocatalytic hydrogen production; oxygen vacancies;
efficiency; spectral response region
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1. Introduction

Currently, ZnO nanostructures-based photocatalysts have attracted great attention owing to their
non-toxicity, optical transparency, high photoconversion efficiency, low cost, etc. [1–7]. Due to the
significantly reduced grain boundaries, one-dimensional (1D) nanostructures especially nanorods
facilitate a fast electron transfer through their smooth tunnels [8–10]. Nevertheless, the photocatalytic
H2 evolution performance of pristine ZnO nanorods is still low due to the high recombination rate of
photogenerated e−/h+ pairs and the less light absorption (only in the ultraviolet region accounting
for 3–5% of solar energy) [11–15]. To overcome the above disadvantages, the heterojunction structure
based on ZnO nanorods provides a new insight for suppressing charge recombination and enhancing
light absorption.

Many studies on the coupling of ZnO and TiO2 have shown an improved photocatalytic
performance in dye degradation and hydrogen evolution [16–20]. Although the proper band edge
position of TiO2 relative to ZnO can assist the effective interfacial charge transfer, the fabrication of
the ZnO/TiO2 heterojunction cannot broaden the light absorption range, which is still too narrow
to improve the efficiency of the photocatalyst. Recently, Ti3+ self-doped black TiO2 got supreme
importance in the field of light harvesting, which can be formed from conventional white TiO2 to
regulate the electronic energy band structure of TiO2 with the expansion of its optical response from
ultraviolet light to a visible and infrared region [21–28]. It can be seen from previous reports that
TiO2 mesoporous microspheres have an ultrahigh specific surface area and strong light scattering
ability, which is achieved by combining the advantages of primary nanocrystalline composition and
sub-micron structure [29–32]. However, up to now, the investigation on the photocatalytic performance
of black TiO2-X mesoporous microspheres/ZnO nanorods nanostructure heterojunctions is very rare.

In this research, a novel structure about black TiO2-X mesoporous spheres/ZnO nanorods
heterojunction has been prepared and the photocatalytic hydrogen evolution performance was explored.
The light absorption region of the heterostructure covers the ultraviolet to infrared region nearly
over the entire spectral range and exhibits excellent photocatalytic hydrogen production performance
compared to the pure ZnO and ZnO/TiO2. Additionally, as confirmed from electrochemical, electronic,
and spectroscopy characterizations, the significantly improved hydrogen production performance
is found in the designed ZnO/TiO2-X heterojunction structure, which is rooted from the potential
difference generated on the ZnO-TiO2-X interface and increased light absorption from the reduction
of TiO2. The experimental results of the present work indicate a novel strategy for developing the ZnO
nanostructure-based composite materials with excellent photocatalytic properties.

2. Materials and Methods

2.1. Preparation of ZnO Nanorods (NRs)

The ZnO seed layer was deposited on FTO glass (15 Ω square) by the frequency (RF) magnetron
sputtering system. The FTO substrates were ultrasonically cleaned with acetone solutions, ethanol,
and deionized water in an ultrasound bath for 20 min, respectively. A high-purity ZnO target (99%)
with a 60.0 diameter was used for continuous sputtering at 20 W RF power for 5 min, and the working
pressure was maintained at 1.0 Pa with the flow ratio of oxygen to argon 18 to 42 sccm. Then, the ZnO
seed layer was annealed at 450 ◦C for 60 min in air.

The ZnO nanorods were grown onto the seed substrates by a simple hydrothermal method.
The ZnO seed layer was immersed in a mixed solution containing 30 mL of 0.03 mmol of Zn(NO3)2·6H2O,
0.06 mmol of HTM in the Teflon-lined stainless steel autoclave, and then the autoclave was heated in a
constant temperature electric oven at 90 ◦C for 6 h.

2.2. Preparation of ZnO Nanorods (NRs)/TiO2-x Mesoporous Spheres (MSs) Composites

The TiO2 MSs were synthesized under hydrothermal conditions as previously reported [33].
NaBH4 and TiO2 powders were mixed in an equal ratio, and the mixture was ground for 20 min
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completely. Then, the mixture was heated at 300 ◦C for 60 min under an argon atmosphere. The mixture
was repeatedly filtered and washed with water and ethanol to remove NaBH4. The prepared TiO2-X

MSs (1.0 g) was added to ethanol (80 mL) containing α-terpineol (4.34 mL) and ethyl cellulose (0.5 g)
and stirred vigorously for 1 h, and then the solvent was removed with a rotary evaporator at 10 h to
prepare the TiO2-X paste. The spin coating solution was obtained by repeatedly stirring the slurry
thirty times, and spin-coating on the ZnO nanorods at 3500 rpm for 20 s, followed by sintering at
450 ◦C for 30 min of preparation of the unreduced TiO2 and ZnO composite material followed by the
same pattern.

2.3. Characterizations

The morphology and crystallinity of the obtained material were performed by scanning electron
microscopy (SEM, Carl Zeiss, Merlin Compact, Jena, Germany). The transmission electron microscope
(TEM, FEI, Hillsboro, USA) and high-resolution TEM (HRTEM, FEI, Hillsboro, USA) observations
were performed with a TEI Tecnai G2 F30 (FEI, Hillsboro, USA) microscope operating at 300 KV,
while energy-dispersive X-ray spectroscopy (EDS) and elemental mapping were performed on the
transmission electron microscope. On the spectrometer (ESCALAB 250Xi, Thermo Scientific Escalab,
Waltham, USA), the X-ray photoelectron spectroscopy (XPS) measurement was carried out. The X-ray
power diffraction (XRD) analysis was characterized by an X-ray diffractometer (Empyrean, Panalytical,
Malvern, UK) equipped with Cu Kα radiation (λ = 1.5418 Å). Raman spectra were obtained using a
532.8 nm excitation laser on the LabRAM HR EV0 of Horiba Jobin Yvon, Langjoux, France. The optical
response of all the samples was obtained by photoluminescence (PL) measurements excited by a
325 nm He-Cd laser. At room temperature, the ultraviolet visible diffuse reflectance spectra (DRS) was
recorded on the Shimadzu UV1700-visible spectrophotometer.

2.4. Photoelectrochemical (PEC) Measurements

PEC measurements were conducted on the Metrohm electrochemical workstation (Autolab-PGSTAT302N)
in a three-electrode cell, the obtained sample, platinum foil, and Ag/AgCl electrode as the working,
counter, and reference electrodes, respectively. A 1 M KOH solution was used as an electrolyte without
the additive. A model LS1000-4S-AM1.5G-1000W solar simulator (Solar Light Company, Glenside, PA,
USA) equipped with a metal mesh was employed to give an irradiance of 100 mW/cm2. Under an
AM 1.5 G light source, linear sweep voltammetry (LSV) measurements were performed with a sweep
rate of 1 mV/s. The photocatalytic H2 evolution experiments were performed in the photocatalytic
system evaluation device (AuLight, Beijing, CEL-SPH2N) equipped with an online gas chromatograph
(SP7800, TCD, 5 molecular sieve, Beijing Keruida Limited), and nitrogen as the carrier gas. AM 1.5
was used as the light source to trigger the photocatalytic reaction. Under stirring conditions, a certain
0.05 g catalyst was dispersed into a mixed solution composed of 100-mL methanol aqueous solution
(15 vol%) and methanol as a sacrificial reagent. A certain amount of H2PtC16 solution was added
dropwise to load 1 wt% Pt on the surface of the catalyst by in situ photo deposition. A gaseous sample
was collected and analyzed every hour.

3. Results

Morphological and structural characterizations of the pure ZnO NRs and the ZnO-NRs/TiO2

MSs composite samples are presented in Figure 1. From the top view images of Figure 1a, it can be
found that the ZnO nanorods grow upward on the FTO substrate with a high diffracted intensity
and each ZnO nanorod has a typical hexagonal structure cross section. The average diameter of ZnO
nanorods is about 130 nm, as shown in Figure 1b. Compared with pure ZnO nanorods, no obvious
morphological changes are observed on the surface of the nanorods coated with TiO2 or TiO2-X.
Obviously, TiO2 and TiO2-X MSs are observed on the surface of the ZnO nanorods in Figure 1c–f. It is
proven that the TiO2 and TiO2-X coating solutions deposit MSs on the NRs surface after the spin-coating
process. The detailed nanostructures of ZnO-TiO2-X are further performed by transmission electron
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microscope (TEM) and high-resolution TEM (HRTEM). It can be clearly observed from Figure 2a that
the TiO2-X MSs adhere on the surface of the coarsened ZnO NRs and the TiO2-X MSs/ZnO NRs still
keep a three-dimensional morphology. The clear lattice fringes in the HRTEM image indicate that the
formation of a ZnO-TiO2-X heterostructure is well-crystallized. Two different types of lattice images
are obtained with d spaces of 0.350 and 0.260 nm, corresponding to the (101) plane of typical anatase
TiO2 and the (002) plane of hexagonal ZnO, respectively [34]. The hybrid photocatalyst has clear
and continuous stripes, indicating that there is an intense mutual attraction between ZnO NRs and
TiO2-X due to suitable lattice parameters [35]. Furthermore, this also proves that the reduced TiO2

nanocrystals are still highly crystalline, and the Ti3+ introduced by the reduction does not make the
crystal lattice disordered. The corresponding EDS elemental mapping images of the ZnO NRs coated
with TiO2-X MSs are presented in Figure S1 (Supplementary Materials) (ESI†).

 

Figure 1. Typical top view SEM images of pure ZnO (a,b), ZnO/TiO2 (c,d), ZnO/TiO2-X (e,f) samples on
the FTO substrate.
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Figure 2. Structural characterizations of ZnO NRs/TiO2-X MSs: (a) TEM image of ZnO NRs/TiO2-X MSs;
(b) HRTEM image of ZnO NRs/TiO2-X MSs.

Figure 3 shows the X-ray diffraction (XRD) patterns of the fabricated ZnO, ZnO/TiO2, ZnO/TiO2-X,
and FTO substrate for comparison. The XRD pattern of pure ZnO nanorods displays diffraction peaks
around 31.77, 34.42, 36.25, and 47.54◦, which could be well indexed to the characteristic peaks (100),
(002), (101), and (102) planes of the hexagonal ZnO with a wurtzite structure (JCPDS file no. 36-1451).
In addition, the main peaks with a higher intensity depict the ZnO nanorods epitaxially with a very
uniform orientation grown along the C-axis on the ZnO seed layer. After spin coating TiO2 and TiO2-X,
the ZnO NRs also exhibit a strong wurtzite structure diffraction, but a close observation of the XRD
pattern in the range of 20 to 30◦ reveals a broad peak centered at 25.2◦ (inset of Figure 3). The peaks can
be assigned to the (101) of the TiO2 anatase phase (JCPDS 21-1272). Raman is also powerful to identify
the structural changes, including determination of the presence of heterojunction surface and oxygen
vacancies. Figure 4 shows the Raman spectra of the samples, where pure ZnO Raman modes that are
located at 98.32 and 435.72 cm−1 correspond to the two typical vibration modes E2 (low) and E2 (high)
of the hexagonal wurtzite structure zinc oxide crystals, respectively [36]. Obviously, four more peaks
are observed in the Raman spectrum of the ZnO nanorods coated with TiO2. The peaks appearing
at 398.94 cm−1, 518.31 cm−1 and 144.30 cm−1, 637.54 cm−1 are assigned respectively to the B1g mode,
a doublet of the A1g and B1g modes and Eg mode of anatase phase TiO2, which indicates that the
ZnO nanorods are coated with TiO2 and TiO2-X successfully [37–39]. This result is in agreement with
those from the XRD and SEM measurements. Nevertheless, the strongest Eg mode area at 144.30
amplified by TiO2 shows a slight shift accompanied by a larger linewidth by the NaBH4 reduction
treatment. This proves that local lattice defects related to surface oxygen vacancies will be introduced
after the reduction, and a blue shift will be caused due to phonon confinement or non-stoichiometry.
In addition, the broadening of the peak position is also related to the decrease of crystal quality [40–42].
To further perform the surface composition and chemical state of ZnO/TiO2-X, the XPS results are
shown in Figure S3 (Supplementary Materials), ESI†. Full elemental X-ray photo electron spectroscopy
proves the successful composite of ZnO with TiO2-X. A detailed analysis of the inner Ti 2p orbital
electrons shows the Ti4+ 2p3/2 and 2p1/2 spin-orbit splitting peaks at 457.89 and 463.59 eV, respectively.
The additional small peaks in the black TiO2 at 457.34 and 463.04 eV can be attributed to the 2p1/2 and
2p3/2 peaks of Ti3+.

7



Nanomaterials 2020, 10, 2096

 

Figure 3. XRD patterns of ZnO, ZnO/TiO2, ZnO/TiO2-X, and FTO substrate samples (* represents
the peak position of the hexagonal ZnO with a wurtzite structure and � the peak position of TiO2

anatase phase).

 
Figure 4. Raman spectra of TiO2 NRs, ZnO/TiO2, ZnO/TiO2-X.

Figure 5 shows the absorption spectrum of the ZnO NRs, ZnO NRs/TiO2 MSs, and ZnO NRs/TiO2-X

MSs heterojunction thin films grown on glass. All samples show a strong absorption of ultraviolet
light, which can be attributed to the electronic transition from the valence band to the conduction band.
It is indicated that the absorption onset of the ZnO/TiO2-X is at ~400 nm, which has an obvious red
shift compared with the ZnO and ZnO/TiO2 composite material, which may be correlated with the
amount of Ti3+ in the shell. The optical band gaps of the samples can be determined according to
the Kubelka-Munk equation: (αhν) n = K (hν − Eg ), where “hν” and “α” are photonic energy and
the optical absorption coefficient, respectively. The bandgap of the ZnO NRs, ZnO NRs/TiO2 MSs,
and ZnO NRs/TiO2-X MSs can be assessed as ~3.21, ~3.10, ~3.02 eV, respectively by measuring the
linear extrapolation to the hν-axis (Figure S4 (Supplementary Materials), ESI†) [43]. More importantly,
the absorption of the sample combined with the TiO2-X mesoporous sphere is markedly increased at a
400–600 nm region, compared with pure ZnO the enhancement of sunlight harvesting can be attributed
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to the lattice disorder introduced in the formation of black TiO2 (the generation of mid gap energy
levels within the band gap) [44].

 

Figure 5. UV-Vis diffuse reflectance spectra of the pure ZnO, ZnO/TiO2, ZnO/TiO2-X samples.

To judge the quality of ZnO crystals and perform the mechanism of photoinduced charge carriers
and interfacial charge transfer over the ZnO/TiO2-X heterostructures, the room temperature PL spectra
of the three synthesized samples are shown in Figure 6. The pure ZnO nanorods show a strong and
sharp ultraviolet luminescence peak at ~372 nm, originating from the near band gap excitonic emission,
and the other is located at ~738 nm, which is attributed to the second-order diffraction peak emitted at
the ultraviolet band [45]. No obvious defect emission is seen in the yellow-green wavelength band
of visible light, indicating that the ZnO nanorods prepared in this way have good crystallinity and
fewer surface defects [46,47]. After coating with TiO2, the emission intensity is significantly reduced,
which indicated that the composite materials reduce the recombination probability of photogenerated
e−/h+ pair. It is worth noting that the black TiO2-X mesoporous spheres/ZnO nanorods heterojunction
has the lowest electron-hole recombination rate. Therefore, the unique heterostructure photocatalyst
of the ZnO/TiO2-X has a positive effect on the effective separation of photogenerated carriers during
the photocatalytic reactions charge carriers. This considering the fact that the number of oxygen
vacancies in titanium dioxide is too low to be disclosed, it can be easily explained that the significantly
defect emission peak by oxygen vacancies in the PL was not observed. It is worth noting that the
emission peak of ZnO nanorods shifted to the right after coating with TiO2-X. This behavior may
be due to the quantum confinement stark effect [48–50]. Therefore, the type II band structure of
ZnO/TiO2-X promotes the excited carriers, which confines the electron-hole recombination, and results
in the emission intensity decreases. From the electron dynamics point of view, the observed lifetime
shortenings obviously indicate an improvement in the charge separation for the ZnO/TiO2-X, leading to
an increase in photocatalytic performance (as below).

To perform the effect of ZnO/TiO2-X heterojunction on photoelectrochemical properties, the linear
sweep voltammetry (LSV) behavior of these samples is recorded under a simulated AM 1.5 sunlight
illumination (Figure 7a). The photocurrent starting potential of ZnO/TiO2-X is −0.637 vs. Ag/AgCl,
which shows a slight shift compared with −0.618 vs. Ag/AgCl of ZnO/TiO2 and the fastest growth of
anodic current at a higher applied voltage. It is probably related to the best electron transportation
and improved charge transfer compared to the pure ZnO electrode and ZnO/TiO2. In addition, a set
of linear scans are collected in the dark, as shown in Figure S5 (Supplementary Materials), ESI†.
All three photoelectrodes show a very low dark current. The transient photocurrent response can
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also predict the photocatalytic activity of the electrode. The transient photocurrent response analysis
is employed under illumination with several 20 s light on/off cycles at 0 vs. Ag/AgCl in Figure 7b.
Transient photocurrent response experiments are explored to prove the enhancement in separation
and transport efficiency of charge carriers in ZnO/TiO2-X nanostructures. It can be observed that the
photocurrent signal can be repeatedly switched from the “on” state to the “off” state by periodically
turning the light source on and off for all electrodes, which shows that all electrodes have a good
stability. It is worth noting that after coating with TiO2-x the photocurrent has been significantly
enhanced compared with pure ZnO nanorods. Simultaneously, the photocurrent induced by the
simulated solar light irradiation of ZnO/TiO2-X (0.41 mA/cm2) at 0 vs. Ag/AgCl, is about eight times
larger than that of ZnO (0.05 mA/cm2). The pure ZnO exhibited a much lower photocurrent than
ZnO/TiO2-X, which may be attributed to the high recombination rate of photo-induced charges and
weak light absorption. Under light, the narrow band gap of TiO2-X can capture low-energy photons.
The narrow band gap of TiO2-X can increase the light absorption rate and the internal electrostatic field
in the ZnO/TiO2-X junction causes the recombination rate of photogenerated e−/h+ to decrease.

Using methanol as the electron donor and Pt as the co-catalyst, the photocatalytic hydrogen
evolution experiment is carried out under AM 1.5. Figure 8 shows the results of hydrogen evolution
experiments of ZnO and ZnO/TiO2-X materials. After 5 h of xenon lamp irradiation, ZnO/TiO2-X

nanocomposites exhibited significant photocatalytic activities towards H2 production performance,
and its hydrogen evolution amount reaches 243.4 μmol·g−1 better than the previous reports [51,52].
The addition of TiO2-X has a significant effect on the photocatalytic activity of ZnO, indicating that the
TiO2-X hollow structures could promote more effective photons absorption and prolong the lifetime of
the photo-induced electrons to a certain extent.

 
Figure 6. PL spectra of different photoanodes recorded with the excitation wavelength of 325 nm.
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Figure 7. (a) Linear sweep voltammetry (LSV) characteristics and (b) photocurrent responses of pure
ZnO, ZnO/TiO2, ZnO/TiO2-X homojunction with on/off radiation in a 1 M KOH solution under AM 1.5.

As revealed in the above experimental results of ZnO/TiO2-X, the plausible photocatalytic
mechanism is proposed for the improved hydrogen production activity, as shown in Figure 9. Since the
valence bands (VB) positions of TiO2-X are lower than that of ZnO before TiO2-X is contacted with ZnO,
and the conduction band (CB) positions of pure ZnO are higher than that of TiO2-X. For this type-II
structure in our work, under the simulated solar light irradiation, electrons accumulate in the CB of
TiO2-X and the holes are transferred from TiO2 to ZnO (in VB), respectively. Moreover, black TiO2-X

nanostructures with oxygen vacancies enhance light absorption under full sunlight. On the other
hand, oxygen vacancies caused by the reduction can be considered as electron donors of TiO2-X,
which can further effectively separate and transport light-excited electron-hole pairs. This proper band
alignment can be applied to separate the active photogenerated electrons and holes, thus increasing
the photocatalytic H2 rate.
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Figure 8. Temporal H2 evolution of the pure ZnO and ZnO/TiO2-X under AM 1.5.

 

Figure 9. Mechanism model for the enhanced property of ZnO/TiO2-X composite photocatalysts for the
photocatalytic H2 evolution reaction.

4. Conclusions

In summary, a novel structure on black TiO2-X mesoporous spheres/ZnO nanorods heterojunction
has been prepared and the photocatalytic hydrogen evolution performance has been explored.
The morphology, composition, and crystallinity test results confirmed the formation of a clear
hybrid structure on the FTO substrate. The properties of the ZnO NRs/TiO2-X MSs hetero-junction
and the photocatalytic performance have been carefully performed through various experimental
methods. The photocurrent and hydrogen production performance of ZnO NRs/TiO2-X MSs have
been significantly enhanced compared with pure ZnO NRs. The solar-driven hydrogen evolution rate
of ZnO NRs/TiO2-X MSs is several times higher than that of ZnO. All these suggest that these novel
ZnO NRs/TiO2-X MSs are prospective, next-generation photocatalytic materials of low-cost, large area,
and energy-efficiency for practical applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/11/2096/s1,
Figure S1: EDS elemental mapping images of the ZnO NRs/TiO2-X MCs; Figure S2: Cross-section of pure ZnO
nanorods; Figure S3: XPS survey spectrum of the ZnO/TiO2-X. Inset: exact XPS analysis of the inner Ti 2p
orbital electrons(peak area Ti3+/Ti4+ = 0.0758); Figure S4: The plot of (ααhνν)1/2 versus the energy of light (hνν);
Figure S5: Linear sweep voltammogram under dark conditions; Figure S6: Temporal H2 evolution evolution of
the ZnO/TiO2.
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Abstract: Recently, different kinds of energy band structures have been utilized to improve the
photoelectric properties of zinc oxide (ZnO). In this work, ZnO nanorods were prepared by the
hydrothermal method and then decorated with silver sulfide (Ag2S)/zinc sulfide (ZnS) via two-step
successive ionic layer adsorption and reaction method. The photoelectric properties of nanocom-
posites are investigated. The results show that ZnO decorated with Ag2S/ZnS can improve the
photocurrent of photodetectors from 0.34 to 0.56 A at bias of 9 V. With the immersion time increasing
from 15 to 60 minutes, the photocurrent of photodetectors increases by 0.22 A. The holes in the
valence band of ZnO can be transferred to the valence band of ZnS and Ag2S, which promotes the
separation and suppresses the recombination of hole-electron pairs generated in ZnO. Moreover,
electrons excited by ultraviolet (UV) light in Ag2S can also be injected into the conduction band of
ZnO, which causes the photocurrent to increase more than the ZnO photodetector.

Keywords: ZnO; Ag2S; successive ionic layer adsorption and reaction; photodetector

1. Introduction

Recently, increasing demand for clean energy, portable electronics, space and astro-
nomical research, optical communications, and fire monitoring has caused UV photode-
tectors to be the subject of considerable attention due to their good flexibility, low-cost
fabrication, and high sensitivity [1–6]. Many wide-bandgap semiconductors associated
with this type of photodetectors have been explored [5,7–12]. Among wide-bandgap materi-
als, zinc oxide has become a good candidate for UV photodetection due to its wide bandgap
(3.37 eV), high exciton binding energy (60 meV), high chemical and thermal stability, low
cost, and strong emission at room temperature [13–16]. To improve the properties of ZnO,
incorporating noble metal nanostructures, compounding with carbon nanomaterials, and
decorating with semiconductor quantum dots are effective approaches [4,17–19]. With
decoration of semiconductors with different band structures, holes or electrons can be
transferred from ZnO, which promotes separation and suppresses the recombination of
hole-electron pairs generated in ZnO [20–23]. Ag2S as a direct, narrow bandgap (1.1 eV)
semiconductor with optical absorption similar to silicon has attracted much attention as a
promising candidate for photocatalysis and photoconduction [24–26]. Studies also proved
that after accompanying Ag2S with ZnO, type-II heterojunctions are formed. Due to the
different valence bands of Ag2S and ZnO, the holes in the valence band of ZnO can be
transferred to the valence band of Ag2S. This process can promote separation and suppress
the recombination of hole-electron pairs generated in ZnO, leading to the improved opto-
electrical properties of ZnO [27–30]. Recently, Li and colleagues prepared Ag2S-coupled
ZnO microspheres with 1.68 μA/cm2 at 0.2 V under visible light [31]. Chen and colleagues
prepared a Ag2S/ZnO core-shell nanoheterojunction with high photosensitivity in the
wide spectral range from 400 to 1100 nm and a response time as short as 5 ms [32].
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In this work, ZnO nanorods are prepared with the hydrothermal method. Then,
ZnS and Ag2S are deposited via successive ionic layer adsorption and reaction method
on the surface of ZnO nanorods. ZnS is an n-type [33–35] material, and Ag2S is a p-
type [36–39] material. The nanocomposites demonstrate potential application in the fields
of photodetection, photocatalysis, and solar cells [31,40–42]. In this work, the optoelectrical
properties of nanocomposites are investigated.

2. Materials and Methods

The ZnO nanomaterials in this paper were prepared by the hydrothermal method on
glass substrates with a conductive thin film of indium-doped tin oxides (ITO) on one side.
The size of substrates was 1 × 1 cm. Before preparation, the substrates were cleaned with
ultrasound successively in acetone, ethanol, and deionized water for 30 min. To prepare
ZnO seed layers on ITO substrates by the sol-gel dip-coating method, the substrates were
immersed in precursor solution for 15 min, and then, the samples were dried for 15 min.
This process was repeated six times. Finally, an annealing treatment was performed
in air at 150 ◦C for 30 min. Then ZnO nanorod arrays were formed on the substrates
in a solution consisting of 0.03 M zinc acetate dehydrate (Zn(AC)2·2H2O) and 0.03 M
hexamethylenetetramine (HMT) at 90 ◦C for 4 h.

S2− was incorporated into ZnO to form ZnS by immersing ZnO samples in aqueous
solution containing 0.02 M Na2S for 5 min, 15 min, 30 min, 45 min, and 60 min, respectively
and rinsing with pure ethanol. The ZnO nanorod arrays were decorated with Ag2S
quantum dots (QDs) through the facile successive ionic layer adsorption and reaction
(SILAR) method. ZnO samples were successively immersed in two different aqueous
solutions, one containing 0.02 M Na2S and the other one containing 0.02 M AgNO3 aqueous
solution for 30 min and different time, respectively. During immersion, the solution should
be stirred. After immersion, the samples were rinsed with pure ethanol to remove excess
precursors and blown dry at room temperature. Then, the Ag2S-modified samples were
fabricated as metal-semiconductor-metal (MSM) photodetectors with indium (In) electrode.
Electrodes were exploited to form ohmic contact between them and the nanocomposites.
One electrode was prepared on the ZnO seed layer and the other one was prepared on the
top of nanorod arrays.

Surface morphologies of the nanocomposites were characterized using scanning elec-
tron microscopy (SEM, HITACH SU70, Tokyo, Japan). Finer details of the nanocomposites
were characterized using transmission electron microscopy (TEM, FEI, Hillsboro, OR,
USA) and high-resolution transmission electron microscopy (HRTEM, FEI, Hillsboro, OR,
USA). The composition and bond band properties of the samples were measured by X-ray
photoelectric spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher, Waltham, MA, USA).
Ultraviolet–visible spectroscopy (Shimadzu UV1700-visible spectrophotometer) was uti-
lized to characterize the optical properties. I–V characterization of the as-synthesized
devices was measured by an electrochemical workstation (CHI660e, Chenhua instruments
Ins., Shanghai, China) with a three-electrode system under UV led (λ = 365 nm). The
photoresponsivity spectrum of the devices was obtained by measuring the photocurrent
(calibrated with a standard Si photodiode) under the illumination of a UV-enhanced Xe
lamp spectrum from 300 to 600 nm using a scanning monochromator (DSR600, Zolix,
Beijing, China).

3. Results and Discussion

The morphologies of ZnO and ZnS/ZnO heterojunctions array prepared by immersing
ZnO samples in Na2S solution for 5, 15, 30, 45, and 60 min, respectively, are shown in
Figure 1a–f. The hexagonal nanorods are not uniform, and the dominant diameter of the
nanorods is about 260 nm. The XRD spectrum of the as-synthesized samples is shown
in the inset of Figure 1a. Typical peaks belong to the wurtzite hexagonal phase of ZnO
(JCPDS 36-1451), as presented in Figure 1a. When ZnO nanorods are immersed in Na2S
solution, as shown in Figure 1b–f, the solution provides sulfide ions to react with zinc
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ions dissolved from the ZnO nanorods in order to form ZnS. During this process, the
concentration of sulfide ions can be adjusted to influence the formation of ZnS. However, if
the concentration is too large, many defects can be formed on the nanocomposites, leading
to decreased efficiency. The formation of a ZnS shell can be determined by XPS spectra in
Figure 2. The XPS wide-survey spectrum of the sample with an immersion time of 30 min is
shown in Figure 2a. The characteristic peaks in the XPS spectrum can be assigned as Zn, S,
C, or O, respectively. The ratio of S/Zn is about 0.16. No other impurity peaks can be found,
showing that the obtained sample is of high purity. For ZnS/ZnO in Figure 2b, the S peak
located at 162 eV corresponds to S 2p from ZnS. The above XPS analysis demonstrates the
process of the formation of ZnS after immersion. Therefore, ZnO nanorods were covered
by the ZnS shell through immersion.

Figure 1. (a)–(f) SEM images of ZnO and ZnS/ZnO nanocomposites with different immersion time
of 5, 15, 30, 45, and 60 min, respectively.

Based on the ZnS/ZnO nanocomposites, the ZnS/ZnO samples with the immersion
time of 30 min in Na2S solution were then immersed in 0.02 M AgNO3 aqueous solution for
15, 30, 45, and 60 min, respectively, which allows for the Ag2S/ZnS/ZnO nanocomposites
to be obtained. The morphologies of the as-synthetized Ag2S/ZnS/ZnO nanorod arrays are
shown in Figure 3a–d. It can be seen that after immersion, the nanorods were covered with
spherical nanoparticles at the short immersion time. Because of the difference between the
solubility product constant (Ksp) of ZnS (2.93 × 10−25) and Ksp of Ag2S (6.69 × 10−50) [43],
the cation exchange process occurs where zinc ions are replaced by silver ions, leading
to the formation of Ag2S, which indicates that the spherical nanoparticles are Ag2S. With
the increasing immersion time, the nanorods demonstrate a complete shape change from
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hexagon to ellipse. These results suggest that Ag2S was successfully deposited onto the
surface of the nanorods.

Figure 2. (a) XPS wide-survey spectrum; (b) S peak of ZnS/ZnO nanocomposites with the immersion
time of 30 min.

 

Figure 3. (a)–(d) SEM images of Ag2S/ZnO nanocomposites with different immersion time of 15, 30,
45, and 60 min, respectively.
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In order to confirm the formation of Ag2S/ZnS/ZnO composites, TEM and HRTEM
measurements were performed on the nanocomposite with the immersion time of 60 min, as
illustrated in Figure 4. A large number of quantum dots evenly deposited onto the nanorod
surface is shown in Figure 4a,b, which show that densely distributed QDs are formed on the
surface of nanorods, and the diameter of the quantum dots is about 10–15 nm. Figure 4c
shows the HRTEM image of the quantum dots deposited on the nanorod surface. It can be
observed that the quantum dots have a spherical shape with a diameter of about 10 nm.
The obvious lattice arrangement can be found in the quantum dots, and the d-spacing
estimated to be 0.253 nm is indexed to the (−103) orientation of Ag2S crystalline.

 

Figure 4. (a) and (b) TEM images of Ag2S/ZnS/ZnO nanocomposites with an immersion time of
60 min; (c) HRTEM image of nanoparticles.

To further investigate the structures of Ag2S/ZnS/ZnO nanocomposites, XPS mea-
surements were measured. Figure 5a shows the Ag 3d region of the XPS spectra. The peak
position of Ag 3d5/2 is located at about 368 eV. This value is in good agreement with the
reported values for Ag2S. Then, the peak area of Ag elements with different immersion time
was calculated, as shown in Figure 5b. It is obvious that the Ag concentration increases with
the increasing immersion time. Meanwhile, according to the XPS spectrum, the Ag/Zn
ratio increasing from 0.08 to 0.22 indicates the same results. This result is consistent with
the SEM images shown in Figure 3. Figure 5c shows the S 2p region of the XPS spectrum
with the immersion time of 60 min. The black line represents the experimental data, and
the red dots correspond to the fitted curve. Four labelled fitting Gaussian peaks were used
to fit the experimental data. The binding energy of the S 2p3/2 peak located at 161.5 eV is in
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accordance with the binding energy of ZnS. The lowest energy peak of S 2p3/2 is located at
160.93 eV, which corresponds to Ag2S [44–47]. These results illustrate that Ag2S/ZnS/ZnO
nanocomposites were formed after immersion.

 

Figure 5. (a) XPS spectra of Ag 3d for Ag2S/ZnS/ZnO nanocomposites with various immersion time;
(b) peak area of Ag 3d5/2 with different immersion time; (c) XPS spectra of S 2p for Ag2S/ZnS/ZnO
nanocomposites with the immersion time of 60 min.

To investigate the optical properties of Ag2S/ZnS/ZnO nanocomposites, UV-vis
absorption spectra from 350 to 600 nm were examined. For comparison, the spectrum of
pure ZnO nanorods was also measured, indicated by the black line. Figure 6 shows the UV-
vis absorption spectra of Ag2S/ZnS/ZnO nanocomposites with various immersion time,
revealing that the absorption edge of ZnO is extended to the visible region by decoration
with Ag2S because of its narrow bandgap of ~1.1 eV. When visible light is observable on
the nanocomposites, hole-electron pairs are generated in Ag2S, leading to the absorption in
visible light. With the increasing immersion time, more amounts of Ag2S are deposited,
thereby causing the increase in absorption in the visible light region.
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Figure 6. Absorption spectra of Ag2S/ZnS/ZnO nanocomposites with various immersion time.

A photodetector was fabricated with In electrodes to investigate the optoelectrical
properties of Ag2S/ZnS/ZnO nanocomposites. The I-V characteristics of photodetectors
with various immersion time under 365 nm UV LED are shown in Figure 7a–d. It can be
observed that photodetectors have a photoresponse under UV illumination. The reverse
current is high and of the same order of magnitude as the direct current, demonstrating that
photoconductive photodetectors were fabricated. At the same voltage, the photocurrent
of photodetectors with various immersion time changes from 0.34 to 0.56 A under UV
illumination. Meanwhile, the dark current of the photodetectors, which can be ascribed to
oxygen vacancy in ZnO, is 0.22, 0.20, 0.21, and 0.22 A, respectively. Thus, the on–off ratio
of the photodetectors at a bias of 9 V is 1.53, 1.77, 1.94, and 2.47, respectively. Figure 7e
shows the photocurrent of photodetectors with various immersion time under 9 V bias.
It is observed that the photocurrent increases with the increase in immersion time. This
phenomenon can be attributed to the replacement of ZnS by Ag2S. The photoresponsivity
of the photodetector with the immersion of 60 min is shown in Figure 7f. It can be
observed that the photoresponsivity increases for the Ag2S/ZnS/ZnO nanocomposites
when compared with pure ZnO photodetectors not only in UV regions but also in the
visible wavelength region. In addition, the UV-to-visible rejection ratio was improved from
1.48 to 1.82.

In order to explain the mechanism of photoresponse of Ag2S/ZnS/ZnO nanocom-
posites, the energy band schematic diagrams of different nanocomposites are shown in
Figure 8. Considering the fact that not all amounts of ZnS are replaced by Ag2S, there are
two types of energy bands in nanocomposites [48,49]. Figure 8a shows the energy band
schematic diagrams of ZnS/ZnO. Under the illumination of 365 nm UV light, electrons
are excited from the valence band to the conduction band of ZnO, resulting in an increase
in the photocurrent. Because of the different valence bands of ZnS and ZnO, the holes
in the valence band of ZnO can be transferred to the valence band of ZnS. This process
can promote the separation of photogenerated hole-electron pairs and suppress their re-
combination in ZnO. Meanwhile, because the photon energy of UV light is smaller than
the bandgap of ZnS, no electrons are excited to the conduction band in ZnS. Figure 8b
shows the energy band schematic diagrams of Ag2S/ZnS/ZnO nanocomposites. It can
be seen that the cascade structure represents the stepwise positions of band edges via the
redistribution of ZnS and Ag2S in order to align Fermi levels. This structure is suitable for
the injection of photogenerated electrons from Ag2S to ZnO and the transfer of holes from
ZnO to Ag2S, and it is advantageous for the separation and transmission of hole-electron
pairs. Generally, this structure can further increase the photocurrent compared with the
ZnS/ZnO structure because of the injection of electrons. With the increasing immersion
time, the first type is gradually replaced by the second type, which further increases the
photocurrent. These results are consistent with the I–V characteristics of Ag2S/ZnO/ZnO
nanocomposites with different immersion time.
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Figure 7. (a)–(d) I-V characteristics of photodetectors with various immersion time ((a) 15 min, (b) 30 min, (c) 45 min, and
(d) 60 min) under UV light; the figure inset (a) is a schematic diagram of the photodetector; (e) photocurrent of photodetectors
with various immersion time under 9 V bias; (f) photoresponsivity of the photodetector with the immersion time of 60 min.

 

Figure 8. Energy band schematic diagrams of different nanocomposites: (a) ZnS/ZnO; (b) Ag2S/
ZnS/ZnO.
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4. Conclusions

In summary, Ag2S/ZnS/ZnO nanocomposites were prepared on ITO substrates via
two-step facile successive ionic layer adsorption and reaction method with different immer-
sion time. SEM and TEM images illustrate that the ZnS and Ag2S were evenly deposited
on ZnO nanorods. The optical properties of Ag2S/ZnS/ZnO nanocomposites were investi-
gated by UV-vis absorption spectra, which show that the absorption of Ag2S/ZnS/ZnO
nanocomposites was extended to the visible light region due to the narrow bandgap of
Ag2S. Then MSM photodetectors were fabricated. The influence of ZnS and Ag2S on the
photocurrent of the photodetectors was investigated. The photocurrent increased with the
increasing immersion time of AgNO3 solutions due to the increasing electrons injected from
Ag2S into ZnO. The energy band schematic diagrams were used to explain the photore-
sponse of the photodetectors. The transfer of holes and the injection of electrons can both
enhance the photoresponse compared with pure ZnO. Compared to other similar systems,
the nanocomposites improved the photocurrent under UV illumination and demonstrate
potential applications in other fields [50–52].
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Abstract: ZnO nanowires are excellent candidates for energy harvesters, mechanical sensors, piezotronic
and piezophototronic devices. The key parameters governing the general performance of the
integrated devices include the dimensions of the ZnO nanowires used, their doping level, and surface
trap density. However, although the method used to grow these nanowires has a strong impact on
these parameters, its influence on the performance of the devices has been neither elucidated nor
optimized yet. In this paper, we implement numerical simulations based on the finite element method
combining the mechanical, piezoelectric, and semiconducting characteristic of the devices to reveal
the influence of the growth method of ZnO nanowires. The electrical response of vertically integrated
piezoelectric nanogenerators (VING) based on ZnO nanowire arrays operating in compression mode
is investigated in detail. The properties of ZnO nanowires grown by the most widely used methods
are taken into account on the basis of a thorough and comprehensive analysis of the experimental data
found in the literature. Our results show that the performance of VING devices should be drastically
affected by growth method. Important optimization guidelines are found. In particular, the optimal
nanowire radius that would lead to best device performance is deduced for each growth method.

Keywords: finite element method; piezoelectric sensor; mechanical energy harvesting; nanogenera-
tor; surface Fermi level pinning; surface traps; chemical synthesis; doping level

1. Introduction

With the rapid advancement in smart wearable systems and biomimetic robot technol-
ogy, piezoelectric nanogenerators (PENGs) have received significant attention, for instance
in the field of self-powered sensors [1] and artificial skin [2]. PENGs can be used as energy
harvesting devices or mechanical sensors that convert the mechanical energy available in
ambient environment (human motion, vibration, wind, etc.) into electric energy [3]. The
first PENG based on ZnO nanowire (NW) arrays was built by Wang et al. [4], achieving
an energy conversion efficiency between 17 and 30%. Since then, several groups have
worked on PENGs based on piezoelectric nanostructures with different configurations, in
particular laterally integrated nanogenerators (LING) [5,6] and vertically integrated nano-
generators (VING) [6–10], this last one being the most commonly used configuration due
to its easy manufacturing process and its high performance [11]. The VING configuration
consists of an array of vertical NWs, grown on a flexible or rigid substrate and immerged
into a dielectric matrix, contacted by bottom and top electrodes. Depending on the sub-
strate, the devices can be operated under bending [12–14] or compressive forces [6–10],
the compressive mode being so far the most widely studied one. In order to quantify the
output potential in compressive mode, most reports have used open-circuit conditions and
evaluated the voltage generated under a mechanical load. In the case of VING devices
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integrated on a rigid substrate, Xu et al. [6] have used ZnO NWs with 150 nm radius and
4 μm length embedded into a polymer matrix made of poly(methylmethacrylate) (PMMA).
This device has produced an output potential of about 90 mV under an applied pressure
of 6.25 MPa. In Ref. [8], the authors have reported a higher generated output potential of
about 290 mV under an applied pressure of about 5 kPa on a device integrating ZnO NWs
featuring 100 nm radius and 3 μm length. In another example, Zhu et al. [10] have shown
that the fabrication of small units of VING devices and their connection in parallel produce
an output voltage of about 35 V under an applied pressure of 1 MPa. The NWs in this last
device had an estimated length of 10 μm and diameters between 60 nm and 300 nm. As for
VING devices integrated on a flexible substrate, Deng et al. [15] have applied a pressure of
about 1 MPa on a device integrating ZnO NWs of 50 nm radius and 600 nm length over a
Kapton foil, achieving an output potential of about 350 mV. Lin et al. [16] have integrated
ZnO NWs of 250 nm radius and 6 μm length on a polydimethylsiloxane (PDMS) substrate.
Under a compressive strain of about 0.12%, they have produced an output voltage of about
8 V. It is important to mention that all the above-mentioned experiments used chemical
bath deposition (CBD) for the growth of ZnO NWs, as an easy-to-implement and low
temperature process compatible with industrial applications.

In the literature, there has been very few articles reporting the effect of ZnO NW
dimensions on the performance of VING or related devices, despite their critical role for
optimization. Rivera et al. [17] have investigated the generation of electrical energy from
ZnO NW arrays as a function of their length using a charge amplifier. They have reported
that the longest NWs, with 4.7 μm in length and 130 nm in diameter, produce the highest
energy of about 35 nJ. In contrast, the shortest ones, with 1.3 μm in length and 100 nm
in diameter, generated an energy of only 10 nJ. Kammel et al. [18] have investigated NW
length influence on the output potential of VING devices. Their device consisted of a
double-sided ZnO NW array covered by PDMS. They reported that the longest NWs,
with an average of 2.4 μm in length and 66 nm in diameter, produce the highest values of
output potential (about 4.48 V) when a pressure was exerted on the device. In contrast, the
shortest NWs, with an average of 1.0 μm in length and 317 nm in diameter, generated an
output potential of only 1.84 V. These two experimental reports used the CBD technique
for ZnO NW growth. Riaz et al. [19] have explored voltage generation from ZnO NW
arrays by scanning a conductive Atomic Force Microscopy (AFM) (Pt/Si) tip over samples
that had been grown by two different deposition techniques. They have shown that the
longest NWs (3–5 μm long and 100–200 nm wide), grown by carbothermal reduction using
a vapor-liquid-solid (VLS) mechanism, generate an output voltage of about 30–35 mV on
average while the shortest ones (1–2 μm long and 200 nm wide), grown by CBD, generate
an output voltage of about 5 mV.

Basically, it is not straighforward to predict the output potential generated from
NW-based piezoelectric transducers nor their general performance, because several key
parameters, such as geometrical dimensions (i.e., radius and length), doping level (Nd),
and surface trap density (Nit) [20] all play a significant role, and their relative effect on
general performance may not be readily decoupled. One reason for that is that these key
parameters strongly depend on the growth method used to form ZnO NWs. In the field of
compound semiconductors, ZnO is a unique material since it can be formed in the shape
of NWs by a very large number of growth methods using a self-assembled/self-induced
approach (i.e., with no catalyst) [21]. It has been reported in the last two decades that
ZnO NWs can be grown by physical vapor deposition techniques [22,23], chemical vapor
deposition techniques [24,25], and wet chemistry [26,27]. On the one hand, this wide
variety of growth methods offers a great opportunity to form ZnO NWs with controlled
morphologies, tailored dimensions, and dedicated properties. On the other hand, the
different media and chemicals used in these growth methods result in the formation of
ZnO NWs exhibiting a broad range of doping level and surface trap density. Overall, it is
well-known that ZnO NWs exhibit a high electrical conductivity and thus a high doping
level, regardless of the growth method involved [28]. However, charge carrier density
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values spread over several decades from 1017 cm−3 to 1020 cm−3 [28–50]. The main reason
is related to a large incorporation of residual impurities (i.e., Al, Ga, In, etc.) which act as
shallow donors in the vapour phase deposition technique [31], as well as to the specific role
of hydrogen which can form a wide variety of defects acting as shallow donors in the wet
chemistry techniques [37]. Although ZnO NWs exhibit a top polar c-face and six non-polar
m-plane sidewalls regardless of the growth methods used, the main characteristics of
these surfaces (e.g., surface roughness) are not equivalent. Surface trap density is also, to
a significant extent, affected by the growth method used [28,33,49,51,52]. It is thus very
important to take the growth method into consideration in the design and optimisation of
piezoelectric mechanical transducers in view of its effect on doping level and surface trap
density. However, this line of research has not been explored so far.

From a theoretical point of view, the geometrical parameters of ZnO NWs have been
shown to affect their overall piezoelectric performance [53,54]. These studies reveal that
thinner and longer NWs would increase the generated piezoelectric potential when sol-
licited under compressive forces, but they do not consider their semiconducting properties,
which represent a strong limitation. The influence of doping level and free carrier screening
on the piezoelectric response of semiconducting (mostly ZnO) NWs has been studied
theoretically by means of numerical simulations [55–57]. The presence of free charge carri-
ers in the core of NWs basically screens the piezoelectric potential induced by the strain
generated under mechanical solicitations. In these simulations, single ZnO NWs have
been simulated under a compressive force. Compression creates a depletion region at the
top of the NW. The piezoelectric potential can be generated only in this depleted region,
making the performance practically independent of NW length [56]. These reports have
also shown that an increase in doping level reduces the piezoelectric response. In Ref. [57],
the authors added an external surface charge density at the top of the NW, extending the
depletion region from the top and thus increasing the piezoelectric response of the NW but
keeping it independent of length for practical length values. Experimental reports have
confirmed the role of doping level on the VING device performances [58]. However, they
have also demonstrated a dependence of the performance on NW length [17–19] which
could not be explained by these theoretical models. It is then very important to correlate
theoretical models and experiment data to elucidate the key parameters affecting the device
performance. Understanding the effect of those parameters will allow the development of
guidelines for the design of new devices along with their optimization.

It has been shown recently by numerical simulation that Fermi level pinning, re-
sulting from the presence of surface traps at the interface between ZnO and the ma-
trix material could explain the experimentally observed length dependence [20]. The
presence of surface and interface traps has been widely acknowledged in III–V and
II–VI semiconductors [59–62]. Their impact on device operation has been explained as
follows [20]. In the absence of surface traps, or for low trap densities, there is no surface
charge, and thus no band bending at the surface of ZnO. In this case, the application of a
pressure to the VING generates a polarization field that depletes only the top of the NWs,
while the core of the NW remains neutral, with free carriers screening the polarization field.
This is known as the free surface Fermi level assumption, which is the usual assumption in
most numerical simulations [56,57]. However, in the presence of a large density of surface
traps along the NW (m-plane) sidewalls, which is expected in ZnO NWs [63], thermody-
namic equilibrium results in surface band bending, with a balance between surface charges
and depletion charges (Figure S1 in the Supplementary Materials). If the surface trap
density is large enough, surface Fermi level can be considered as pinned close to mid-gap.
Therefore, depending on NW diameter, doping level and surface trap density, it may
become possible to deplete the NW until its core so that its whole volume contributes to
the generated piezoelectric potential. It has been shown that provided surface traps can be
considered as slow enough, they contribute to performance improvement by suppressing
free carrier screening [20].
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In the present work, we theoretically explore the role of free charge carriers, surface
traps, and NW dimensions on the output potential of piezoelectric nanocomposites based
on ZnO NWs with account for the latitude of variation offered by growth methods. The
properties of NWs grown by the most widely used methods including thermal evaporation
(TE), chemical vapor deposition (CVD), metal-organic CVD (MOCVD), and CBD with
either O- or Zn-polarity are obtained from a thorough and comprehensive analysis of the
experimental reports found in the literature. The theoretical investigation is carried out
for a typical VING configuration integrating vertical ZnO NWs embedded into a polymer
matrix material (PMMA here). The device is considered as operated in compression. This
configuration is chosen as it corresponds to most of the experimental reports, but the
conclusions drawn are more general. The theoretical study is performed with a finite
element method (FEM) approach by solving the full set of coupled equations, describing
the mechanical, piezoelectric and semiconducting properties of the structure. Important
optimization guidelines are found, concerning in particular the optimal NW radius needed
for each growth method in order to obtain the best device performance and specifically
to maximize the output piezoresponse. The effect of the variation of the length is also
analyzed, in particular for the NWs with O-polarity grown by CBD, which are offering a
great potential in the field of piezoelectric devices.

2. Simulation Framework

In this work, we simulated the full set of differential equations that couple mechanical,
piezoelectric, and semiconducting properties using the FEM approach. To this end, we
used the FlexPDE® environment, which provides fully flexible description of geometry,
differential equations to be solved, and boundary conditions.

2.1. Device under Study and Simulated Structure

The classical VING structure is depicted in Figure 1a. It is composed of an NW-based
active layer, a polymer layer, and two metallic electrodes placed at the top and bottom
of the structure. The active layer is typically made of a thin ZnO seed layer (several
10 nm thick) covered with a self-organized array of vertical ZnO NWs (several μm long).
PMMA is typically used as matrix material to encapsulate the NWs and make the structure
mechanically robust, as well as to isolate the NWs and avoid current leakages. The device
works in capacitive mode. When an external mechanical load is applied on top of the device
(a vertical compression in this case), strain is transferred to the active material. The input
strain produces dipoles inside ZnO by the direct piezoelectric effect and a polarization field
is then created charging the external electrodes.

 
Figure 1. (a) Structure of the VING device; (b) unit cell of the VING and (c) cross section of the VING
unit cell around the axis of symmetry.

The simulation of a VING integrating billions of NWs, arranged in a pseudo-periodic
disordered array, would require an extremely high computational cost. We simplified the
approach by adopting a standard strategy, already used to simulate ZnO composites under
compression and bending conditions [20,54], which consists in restricting simulation space
to a unit cell made up of a single ZnO NW surrounded by an insulating matrix (PMMA
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in this case) over a ZnO seed layer. The unit cell is sufficient to determine the generated
piezoelectric potential of a whole device sollicited under compression with a high precision
if the appropriate boundary conditions are applied in the model [20,54]. Furthermore, a
2D axisymmetric cylindrical model was used for the unit cell as shown in Figure 1b. The
3D cylindrical geometry which derives from the 2D axisymmetric one by rotation around
the NW axis, as shown in Figure 1c, was considered as a fair enough approximation. All
equations and parameters were transformed from Cartesian to cylindrical coordinates
(vertical and radial coordinates, z and r, respectively).

In this work, we fixed the thickness of the ZnO seed layer to 100 nm and that of the
thick insulating cap layer (PMMA) to 100 nm as well. The radius (R) of the ZnO NW was
varied consistently with what is achievable with the different growth methods. The width
of the unit cell was defined as two times the NW diameter (Figure 1b) based on previous
work [54]. The effect of NW length (L) on device performance was also studied. The
parameters related to semiconducting properties, namely doping level (Nd) and surface
trap density at the interface between ZnO and PMMA (Nit), were also varied as a function
of growth method.

2.2. System of Equations

In order to calculate the output electric potential generated by the VING device under
compression, we solved the coupled system of equations for a system based on n-type
semiconducting ZnO NW with piezoelectric properties, as in [20]:

∇([c][ε]) +∇
(
[e]T

⇀
∇V

)
= 0, (1)

∇
(
[κ]

⇀
∇V

)
−∇([e][ε]) = ρ, (2)

where V is the electric potential, [c] is the elasticity matrix, [e] is the piezoelectric coefficient
matrix, [κ] is the dielectric constant matrix, and [ε] is the strain matrix. The second terms
on the left-hand side of Equations (1) and (2) represent the piezoelectric coupling terms,
and ρ is the local charge density given by:

ρ =

{
q(n − Nd) in semiconducting regions

0 in insulating regions
, (3)

where q is the electron charge and Nd is the concentration of ionized donor atoms. In
previous studies [20], the free carrier concentration n was computed using Boltzmann
statistics. However, depending on growth method, doping level can reach quite large
values with respect to degeneracy level, which is around 1018 cm−3 in ZnO. Here, n was
thus computed by considering Fermi-Dirac statistics:

n = NdF 1
2

(
qV
kBT

)
, (4)

where F1/2 (x) is the Fermi-Dirac integral function of order 1/2, kB is the Boltzmann constant,
q is the electric charge of one electron, and T is the temperature, considered here equal to
300 K.

The variation of the output potential resulting from the variation of external pressure
on the device was obtained by solving Equations (1) and (2) for two cases: first, for the
initial state (i.e., without compression) and then for the final state (i.e., under vertical
compression). The output potential or “piezoresponse” in the results section was then
calculated as the potential difference defined as VFinal state − VInitial state.
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2.3. Boundary Conditions

The mechanical boundary conditions consisted in (i) free vertical displacement and
forbidden lateral displacement on the axis of symmetry, (ii) a vertical pressure of −1 MPa
along the NW axis (z-axis) with free vertical and lateral displacement on top surface,
(iii) free lateral displacement with forbidden vertical displacement at the bottom, (iv) free
lateral and vertical displacement on the outer lateral side (Figure 2a).

Figure 2. (a) Mechanical and (b) electrical boundary conditions of the VING unit cell.

In terms of electrical boundary conditions (Figure 2b), the bottom electrode was
grounded, while Neumann conditions were applied to other boundaries. The top electrode
potential VTop was obtained by averaging V on the top surface. At the interface of ZnO and
PMMA (i.e., the diagonal line pattern on the ZnO surface from Figure 2b), we introduced
a surface charge Qs under the assumption of a uniform trap density (Nit) at thermal
equilibrium. In this paper, the potential used to calculate Qs was taken from the initial
state, which simulates ideally slow traps, with a charge that remains frozen during the
transition from initial to final state. Qs was expressed as a function of the local potential
Vinit as:

Qs = −q2 Nit (Vinit −ϕFi), (5)

where ϕFi is the difference between Fermi level and intrinsic level.

3. Simulation Results and Discussions

3.1. Input Experimental Data for the Simulation

A set of numerical simulations of VING devices integrating ZnO NWs was performed
considering the characteristics of typical NWs grown by each method using standard con-
ditions, namely without any intentional doping and post-deposition treatment: a typical
range of radius (R), a typical length value, a typical range of doping level (Nd), and a typical
surface trap density (Nit) value were selected in that purpose. As regards the dimensions
of ZnO NWs, their typical radius was varied over a similar range of 4 to 150 nm while their
length was firstly kept fixed to 5 μm in all devices. These dimensional properties of ZnO
NWs are very typical and similar for each growth method. In contrast, the range of doping
level in ZnO NWs strongly depends on the growth method used, as represented in Figure 3.
From the large number of experimental data reported in the literature using field-effect tran-
sistor (FET) measurements [30,35,40,44–47], I–V measurements on four-terminal contacted
ZnO NWs [28,29,31,36,37,50], terahertz spectroscopy [34], conductive AFM (i.e., SSRM
and SCM measurements) [32,43], and electrochemical impedance spectroscopy [39,41], a
range of charge carrier density values was inferred for each growth method when ZnO
NWs are grown using standard conditions (i.e., typical chemical precursors, typical growth
temperature and pressure). Overall, the charge carrier density of ZnO NWs typically lies
in the range of 1017 to 1020 cm−3. The vapour phase deposition techniques including
TE, CVD, and MOCVD methods result in the formation of ZnO NWs with a lower mean
charge carrier density ranging from 1017 to 5 × 1018 cm−3 at maximum [28–33,40,44–50].
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In present deposition techniques, the incorporation of residual impurities (i.e., Al, Ga, In)
acting as shallow donors is mainly responsible for this range of charge carrier density
values [31]. Residual impurities usually occur as contaminants in the materials sources (i.e.,
TE) or in the growth chamber (i.e., CVD, MOCVD). The high growth temperature used in
MOCVD is also favourable to the diffusion of residual impurities from the substrate, like Al
from sapphire, into ZnO NWs. In contrast, wet chemistry deposition techniques, including
CBD and electrodeposition, lead to the formation of ZnO NWs with a higher mean charge
carrier density, ranging from 5 × 1017 cm−3 at minimum to 1020 cm−3 [34–39,41–43]. In
the electrodeposition process, the use of zinc choride as the typical chemical precursor
to enhance the morphology of ZnO NWs is favourable to the massive incorporation of
chlorine acting as a shallow donor [42]. In the CBD process, the massive incorporation
of hydrogen-related defects acting as shallow donors is mainly responsible for this range
of charge carrier density [36]. The growth medium in water is full of hydrogen and the
crystallization process resulting in the elongation of ZnO NWs through the development
of their c-plane top facet basically involves a dehydration process [64]. A large number of
hydrogen-related defects (e.g., interstitial hydrogen, substitutional hydrogen on the oxygen
lattice site, zinc vacancy–hydrogen complexes) acting as shallow donors are thus formed
systematically [37].

 

Figure 3. Schematic diagram summarizing experimental data for charge carrier density in ZnO NWs grown by TE [29,40],
CVD [28,44–50], MOCVD [31–33], CBD (O) [36], CBD (unknown polarity) [34,37,43], CBD (Zn) [36], and electrodeposi-
tion [38,39,41]. A logarithmic scale is used for doping level. The coloured solid stars represent the experimental data
point reported in the literature for each growth method, as an average value [28,29,33,34,38–41,44,49,50] or an interval of
minimum and maximum values [31,32,36,37,43,45–48]. The coloured solid lines represent the deduced range of charge
carrier density used in the numerical simulation for each growth method.

The CBD technique further offers a unique opportunity to form either O– or Zn-polar
ZnO NWs [65] with a significant difference in their electrical conductivity and both of them
were considered in the present theoretical investigation [36]. This is in strong contrast
with physical vapour deposition techniques, for which ZnO NWs are systematically of Zn
polarity when the self-assembled/self-induced approach is employed [66]. In contrast to
the large number of experimental data reporting the doping level of ZnO NWs, the surface
trap density and its dependence on each growth method have been much less investigated
experimentally. Only a couple of investigations have been achieved, mainly by steady-
state and time-resolved optical spectroscopy through the determination of the surface
recombination velocity [52]. However, a consensus in the literature seems to emerge that
the surface trap density of ZnO NWs grown by physical vapour deposition techniques is
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about 2–3 × 1012 cm−2 (i.e., about 1012 eV–1 cm−2) [28,33,49,51]. In contrast, the surface trap
density of ZnO NWs grown by wet chemistry is about one decade larger (1–4 × 1013 cm−2

i.e., about 1013 eV–1 cm−2) [52]. The higher value when using wet chemistry is expected
because their surfaces are typically rougher and thus present a larger density of defects.

3.2. Piezoelectric Performance as a Function of the Nanowire Growth Method

The piezoresponse was calculated for each device for a fixed NW length of 5 μm,
variable NW radius and taking into account typical values of Nd and Nit corresponding to
each NW growth method, as described in the previous section. A numerical simulation
was also made to evaluate the effect of varying the length (L) for one particular growth
method that is of high interest, namely the CBD growth of O-polar ZnO NWs, and with a
typical radius set to 50 nm.

3.2.1. TE Method

Figure 4a shows the calculated piezoresponse of a VING transducer for different
radii of ZnO NWs ranging from 20 nm up to 150 nm. A negative piezo response is
obtained as expected [54] because the c-axis in the NW is oriented along the [0001] direction
(i.e., Zn polarity) [67]. This is the case in the vast majority of the ZnO NWs grown by
the numerous physical and chemical techniques we investigate here. With this growth
method, Nd was evalutated in the range from 1 (blue curve) to a maximum value of
5 (red curve) × 1017 cm−3 and a value of Nit = 1 × 1012 eV–1 cm−2 was taken. These
parameters correspond to ZnO NWs grown by the TE method as presented in Figure 3.
Figure 4a shows a strong radius dependence of the piezoresponse, further influenced
by the doping level. At the minimum value of Nd, a step in the piezoresponse was
observed, with a strong increase (by about 13 times) in absolute value, as NW radius
was reduced from 140 nm to 120 nm. A further reduction of the radius had little effect
on the piezoresponse. A similar dependence was also found for the maximum value of
Nd, but the step in piezoresponse was observed at lower radius (i.e., for a reduction from
50 nm to 40 nm). The region between the two curves in Figure 4a thus represents the
range of optimization of the VING devices. VING devices integrating NWs with a radius
larger than 120 nm for low doping levels (blue curve), and larger than 40 nm for high
doping levels (red curve), result in poor piezoresponse. This is due to the screening effect
originating from free carriers in the ZnO NW [20,54,56,68–70]. An example of this effect
is shown in Figure 4b. It depicts a qualitative map of the free carrier distribution in a
VING device under compression. The VING transducer integrates NWs with a radius of
140 nm and a low doping level (1 × 1017 cm−3). A depletion region is created from the
PMMA/ZnO interface and a neutral core starts from the bottom and extends towards the
top of the NW. In this neutral region, the free carriers screen the piezoelectric response and
the contribution of polarization electric charges is largely reduced, thus the overall voltage
is reduced as well. Figure 4c shows the effect of the reduction of the NW radius down to
80 nm at the same doping level. In this case, the depletion region is large enough to fully
deplete the NWs from its sides and from its top, drastically increasing the performance
of the device. We can thus identify a critical value for the ZnO NW radius, below which
the performance of VING transducers can be largely improved, for given doping level and
trap density. This particular NW radius will be called “NW critical radius” all along the
article and summarised for every growth method in Table 1. The critical radius can be
evaluated analytically from charge neutrality between surface traps and surface depletion
under the additional condition that depletion region reaches the center of the NW by
solving Poisson equation in cylindrical coordinates (Figure S1 and Equation (S5) in the
Supplementary Materials).
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Figure 4. (a) Variation of the piezoresponse of a VING as a function of the ZnO NW radius for
a range of doping level (Nd) from 1 (�) to 5 (�) × 1017 cm−3 typical in the TE method. The
shadowed zones represent the regions of interest for a given doping level. Free carrier distribu-
tion of a NW with Nd = 1 × 1017 cm−3 and a radius of (b) 140 nm and (c) 80 nm. A trap density
Nit = 1 × 1012 eV–1 cm−2 was considered in the simulation.

Table 1. Summary of NW radius values to achieve full depletion or optimal performance for the
different growth methods (NW critical radius). In the case of the CBD (O) technique, the values
correspond to the radius to obtain half the optimal performance.

Growth Method
ZnO NW Radius for Full Depletion

Min. Nd (nm) Max. Nd (nm)

TE <120 <40
CVD <120 <20

MOCVD <22 <5
CBD (O) <55 <15
CBD (Zn) <18 <12

Electrodeposition
Not simulated
(estimated < 4)

Not simulated
(estimated < 4)

3.2.2. CVD Method

To further explore the influence of the growth method of the NWs on the VING
performance, the piezoresponse was also calculated using the characteristics reported for
ZnO NWs grown by the CVD method. These NWs present lower values of radius and
higher doping level as compared to the NWs grown by TE although they present equivalent
values of Nit. The doping level lies in the range from 1 × 1017 up to 1 × 1018 cm−3,
corresponding to the blue and red curves in Figure 5a, respectively. Figure 5a shows the
weak piezoresponse obtained with NWs exhibiting radii larger than about 140 nm for
low doping levels (blue curve) and 25 nm for high doping levels (red curve). A higher
performance was obtained for NW radii below 120 and 20 nm for low and high doping
levels, respectively.

3.2.3. MOCVD method

Figure 5b shows the piezoresponse of a VING device integrating ZnO NWs with the
characteristics reported for the MOCVD method. In this case, Nd goes from 1 (blue curve)
to 5 (red curve) × 1018 cm−3. This method shares the same Nit as TE and CVD methods
as a first approximation. According to the results, the piezoresponse is improved when
the ZnO NWs radius is smaller than 22 nm for minimum Nd (blue curve) and smaller
than 5 nm for maximum Nd (red curve). A poor performance is expected for NWs with
radius larger than about 30 and 7 nm for low and high doping levels, respectively. It should
be noted that the simulation of a device integrating NWs with 5 nm radius could reach
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the limit where continuum medium equations do not apply anymore. In this sense, it
should be considered as a rough approximation. Indeed, according to studies based on first-
principles calculations, ZnO nanoscale materials with radius lower than 3 nm could present
significantly higher piezoelectric coefficients compared to bulk material, namely there
would be a radius-dependent size effect with its piezoelectric properties [71]. However,
the formation of ZnO NWs with a radius smaller than 5 nm has not been experimentally
shown yet and there has been thus no experimental evidence yet of the improvement of the
piezoelectric coefficients in that range of radii. A comparison of the performance obtained
when using these last three growth methods involving vapour phase deposition techniques
(TE, CVD, MOCVD) show that smaller radii are gradually required to obtain the optimal
performances: 120 nm, 120 nm, and 22 nm respectively, for low doping levels, as well as
40 nm, 20 nm, and 5 nm, respectively, for high doping levels. This can be explained as the
doping level of NWs grown by MOCVD is higher than with the other growth methods, and
the doping level of the NWs grown by TE is the lowest one, while keeping the same surface
trap density. Because of the higher doping levels, NWs with smaller radii are required in
order to obtain the full depletion of free charge carriers and thus to reduce the screening
effect.

Figure 5. Variation of the piezoresponse of a VING as a function of ZnO NW radius taking into
account two vapor deposition techniques for the growth: CVD and MOCVD. (a) A range of doping
levels (Nd) from 1 × 1017 ( ) to 1 ( ) × 1018 cm−3 is considered, which is typical in the CVD method,
(b) a range of doping level (Nd) from 1 ( ) to 5 ( ) × 1018 cm−3 is considered, which is typical in
MOCVD method. A trap density Nit = 1 × 1012 eV−1 cm−2 was considered in the simulations.

3.2.4. CBD Method

The CBD technique was also considered as an important growth method for flexible
devices in our theoretical study. The O- and Zn-polar NWs grown by the CBD method
present a higher surface trap density compared to the previous methods (e.g., Nit is equal
to 1 × 1013 eV–1 cm−2. Figure 6a shows the radius dependence of the VING performance
for the CBD (O) method, namely for O-polar ZnO NWs. A positive piezo response is
obtained in this case because the c-axis in the NW is oriented along the [000–1] direction
(i.e., O polarity). This also changes slightly the interaction between the piezoelectric and
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semiconducting effects, producing a less sharp transition from the fully screened piezo
response state to the fully depleted NW state where a maximum performance is obtained.
The doping level range goes from Nd = 5 × 1017 cm−3 (blue curve) to Nd = 5 × 1018 cm−3

(red curve). Owing to the higher surface trap density of the CBD method, a better perfor-
mance can be obtained for larger radius compared to that of the MOCVD method. For
instance, half the optimal piezo response (~0.6 V in absolute value) can be obtained for
a NW grown by the CBD (O) method with a radius of ~55 nm. In contrast, a radius of
~23 nm is needed for a NW grown by MOCVD, which is larger by a factor of more than 2.
Interestingly the critical radii are very similar for both methods. The best performance can
be obtained for NWs with radius below 20 nm and 5 nm for low and high doping levels,
respectively. For NW radius larger than 70 nm (low doping level) and 22 nm (high doping
level), we expect that a poor performance is obtained.

Figure 6. Variation of the piezoresponse of a VING as a function of ZnO NW radius taking into
account the CBD deposition technique. (a) A range of doping level (Nd) from 5 × 1017 ( ) to
5 ( ) × 1018 cm−3 is considered, which is typical in CBD (O), (b) a range of doping level Nd from
5 × 1018 (�) to 1 (•) × 1019 cm−3 is considered, which is typical in CBD (Zn) method. A trap density
Nit = 1 × 1013 eV−1 cm−2 was considered in the simulations.

Finally, the performance of VING devices integrating Zn-polar NWs grown by the
CBD method presents a very low optimization window as compared to O-polar NWs
grown by the same CBD technique (Figure 6b). The optimal performance can be obtained
using NWs with radius below about 18 nm and 12 nm for low and high doping levels,
respectively. This window of optimization of about 6 nm is around 9 times lower as
compared to the optimization window for the CBD (O) method (estimated to be 52 nm).
This is caused by the higher doping levels obtained in Zn-polar NWs grown by the CBD
method. Up to this point, the CBD (Zn) method seems to be the most limited one in
comparison with the other techniques considered in this study based on the optimization
window and the very low radius that is needed to obtain optimal devices.
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3.2.5. Electrodeposition: Analytical Evaluation of the Critical NW Radius

The electrodeposition method is also used to grow ZnO NWs, but it was not con-
sidered in this numerical theoretical study because of its high Nd (~1020 cm−3) which
would lead to NWs with a wide neutral core over a wide range of NW radius. Instead,
an analytical approach was considered to address the case of ZnO NWs grown by elec-
trodeposition. To assess the agreement with the numerical simulations reported in the
last sub-sections, the optimal NW radius to obtain fully depleted ZnO NWs was also
calculated using an analytical model proposed in [72,73] for Si and GaAs NWs. The model
considered only semiconductor equations and was developed to assess the critical radius
acrit (Supplementary Materials), which marks the boundary between a fully depleted NW
(r < acrit) and a NW that is only depleted at its surface (r > acrit). Figure 7 shows the values
calculated within the analytical model correspond very well to the values reported in the
last sub-sections for the different growth methods. In the case of the CBD (O) method,
the analytical value is larger compared to the values extracted from our simulations. A
theoretical value of ~70 nm and ~20 nm is calculated for low and high doping concentra-
tions. From our simulations, we extract the values of ~20 nm and ~5 nm, respectively. This
difference can be explained because the analytical models do not take into account the
piezoelectric effect and the orientation of the NWs. The analytical model allows us as well
to estimate the possible optimal radius of NWs grown by the electro-deposition method.
The values lay well below the limit of our numerical model (estimated to be 5 nm with the
piezoelectric coefficients used). This confirms that our numerical model would provide
inacurate piezopotential results on NWs grown by this last method.

Figure 7. Critical radius acrit as function of Nd for two ZnO NWs with values of Nit from 1012 (green
curve) and 1013 eV−1 cm−2 (red curve). The black marks on the curves indicate the radius values
for which full depletion was obtained as calculated using FlexPDE. The mark ( ) corresponds to
the TE method, ( ) to the CBD (Zn) method, ( ) to the CBD (O) method, ( ) to the CVD method
and ( ) to the MOCVD method. The blue and magenta arrows indicate the limiting value of Nd

for Nit = 1012 eV−1 cm−2 and 1013 eV−1 cm−2. Beyond this value of doping, the critical radius goes
below 5nm and we consider that surface effects could modify piezoelectric coefficients. The mark

( ) corresponds to the conditions of NWs grown by the electron-deposition method, which was not
simulated with FlexPDE.

3.2.6. Effect of the Variation of NW Length on the VING Performance

In the simulation results from the previous sections, the piezoresponse is constant if
the NW radius is smaller than a certain critical radius. This piezoresponse value is then
independent upon the radius and the growth method. The value depends only on the NW
length and on the ratio between the diameter of the NW and the width of the VING unit
cell [54]. Here we studied the effect of the variation of the length in the particular case
corresponding to the growth conditions of the CBD method forming O-polar NWs (CBD
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(O)). This method presents one of the largest optimization windows and is compatible
with the processing of flexible devices without any additional transfer process. For this
study, the NW radius was fixed at 50 nm with Nd = 5 × 1017 cm−3. Figure 8 shows a linear
increase in the piezoresponse as the NW length increases up to 3 μm. For larger values, the
piezoresponse saturates to about 0.75 V in absolute value. This means that longer NWs
are not required to obtain optimal devices. This theoretical result is in accordance with
the trends of experiments in energy generation [17], and output potential [18], although
the output potential values are not the same, which can be due to different electrical and
structural parameters. Furthermore, the inferred optimal length of O-polar NWs around
4 μm does not represent any technical challenge: it is typically achieved by the CBD method
when the synthesis conditions using zinc nitrate, hexamethylenetetramine (HMTA), and
chemical additives including polyethylenimine are optimized [74].

Figure 8. Variation of the piezoresponse of a VING device as a function of the NW length. The
parameters of the NW used in the model correspond to ZnO NWs grown by the CBD (O) method.

3.3. Summary and Discussion about the Mechanisms at Work

As a summary of these theoretical results, Table 1 shows the NW critical radius defined
as the radius value below which the ZnO NW is fully depleted and optimal piezoelectric
performance can be expected. The values of critical radius were calculated for every growth
method studied, both for the low and high values of Nd allowed by each method based
on reported experimental data. The range of values between the critical radii obtained
for the low and high values of Nd defines an optimization process window. This Table
shows that the different growth methods do not offer the same potential for VING device
optimization when using standard conditions. The TE and CVD methods exhibit the
widest optimization process window by controlling both the radius and the doping of the
NWs. In particular, they allow the use of wider NWs with radius not exceeding 120 nm for
the low doping level. It should be noted here that ZnO NWs grown by the TE and CVD
methods present a typical radius in that range, such that the targeted critical radius is not
a technological challenge. However, for the high doping level, the critical radius drops
to 40 and 20 nm for the respective TE and CVD methods, respectively. In that case, the
growth of ZnO NWs with this small radius is still feasible, but deserves a particular effort
to be reached. On the other hand, the MOCVD method has much smaller critical radii for
the low and high doping level down to 22 and 5 nm. Although the MOCVD method is
a well-known technique to get high aspect ratio ZnO NWs [66], the present small radii
require working in dedicated conditions such as low VI/II ratio and relatively high growth
temperature [75,76]. This can be quite challenging to be reached. In contrast, ZnO NWs
grown by MOCVD have significantly been developped for optoelectronic devices [77].
The CBD method has the great advantage of emphasizing the importance of considering
polarity as a critical quantity for VING devices. While ZnO NWs grown by CBD with the
Zn-polarity have the narrowest optimisation window and small critical radii of 18 and
12 nm for the low and high doping levels, respectively, O-polar ZnO NWs grown with the
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same technique exhibit one of the largest optimization window with a significant increase
in the radii to obtain increased performance, half the optimal performance is reached for
NWs with radii of 55 and 15 nm for the low and high doping levels. In this technique,
the typical radius of ZnO NWs lies in the range of 50–100 nm when using a zinc salt as a
source of zinc ions and HMTA [78]. The further decrease in the radius of ZnO NWs is more
required for Zn-polar ZnO NWs than for O-polar ZnO NWs. This is typically achieved by
using chemical additives such as PEI [74] and ethylenediamine [79] to inhibit the radial
growth of ZnO NWs and hence to limit their radius. However, it is evident here that the
addition of chemical additives is likely not sufficient for Zn-polar ZnO NWs, which points
out the strong interest in developing O-polar ZnO NWs for VING devices in the capacitive
configuration. It is worth noticing that these O-polar ZnO NWs also outperforms the
Zn-polar ZnO NWs to get high quality Schottky contacts with Au on their top [80], which is
critical in the Schottky configuration consisting in making Schottky contacts at the bottom
and at the top of the VING structure [6].

In the whole of these growth methods, the reduction of the doping level to the
minimum value reported here or even further may also be considered to allow larger critical
radii to be used. This can tentatively be achieved by post-deposition thermal treatments
including annealing under oxygen atmosphere or plasma treatment [81]. An alternative
approach would consist in compensating the doping level through the introduction of
acceptors [81]. The introduction of acceptors including group-I, copper and antimony
in ZnO films have been investigated to a great extent [82]. However, mastering the
incorporation of dopant elements in ZnO NWs is still a big issue and correlatively strongly
affects their radius during the growth phase through intricate phenomena. For instance,
in the CBD method, the addition of metal salts other than zinc salt offers an opportunity
to dope ZnO NWs [83], but this addition is not sufficient for the incorporation of dopant
elements in their center. A further precise control of the pH conditions is required [84]. The
involved physicochemical processes at work also depend on the involved dopant [84,85],
which makes a general approach complicated. Eventually, the engineering of surface trap
density in ZnO NWs appears as an alternative way to tune the radius to a relevant range
that is compatible with the different growth methods. It has been shown that the use
of chemical adsorbates on the polar and non-polar planes of ZnO has a great effect on
the nature and magnitude of the band bending [86,87]. The intricate nature of all these
approaches represents the major difficulty to get ZnO NWs with the optimal dedicated
properties. Overall, the present findings show that the different growth methods of ZnO
NWs result in a different range of optimized radii and hence exhibit a different potential for
VING transducers. The TE and CBD(O) methods using standard conditions are expected to
be of great interest in the piezoelectric field, the latter being compatible with the processing
of flexible devices without transfer processes.

4. Conclusions

In summary, our models predict that the performance of piezoelectric transducers
based on ZnO NWs in the VING configuration evaluated under compressive forces strongly
depends on the growth method. Several methods have been compared theoretically in
this work: TE, CVD, MOCVD, CBD (Zn), CBD (O) and electrodeposition. Each growth
method produces NWs with a different range of doping level, surface trap density, and
dimensions. Taking into account these parameters in our models allowed the calculation of
the optimal NW radius to obtain the best performance (i.e., maximal voltage generated for
a given mechanical compression). In general, at higher doping levels, a smaller NW radius
is needed to reach a full depletion of its core and to increase the performance. This effect
can be compensated if the surface trap density is increased, allowing the use of wider NW
radius. TE and CVD methods, with the lowest doping level, allowed the use of relatively
wide NWs (radius below 120 nm) to obtain optimal results. MOCVD method required
relatively thinner NWs compared to the other methods to improve the performance of the
transducers (radius below 22 nm at low doping level). The CBD(O) method is the only
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other method allowing relatively large radius (below 55 nm) at low doping level thanks
to the higher surface trap density. The CBD (Zn) method requires a thinner radius for
optimal devices compared to the other methods studied here (below 18 nm and 12 nm at
low and high doping level, respectively). This method also presents the smallest window of
optimisation in terms of optimal radius. Numerical calculations have been compared with
an analytical approach to obtain the optimal radius. We found a very good correspondence
between the two calculation approaches. The analytical approach was used as well in the
highest doping level range corresponding to electrodeposition. The optimal NW radius for
this method could be below 5 nm, suggesting a more complex model where piezoelectric
properties are taken into account as a function of surface parameters. Our numerical
model also predicts that an increase in the NW length increases device performance until a
saturation in the output potential is reached. This means that a certain minimum length
is needed to optimize the device. As an example, in the case of CBD (O) grown ZnO
NWs with a radius of 50 nm and low doping level, increasing the length beyond 4 μm
does not improve anymore the performance. Doping level and surface and interface traps
will also affect piezotronic and piezo-phototronic devices and it would be very important
to take into account the NW growth method on those applications as well. Finally, the
control of surface and interface traps densities by surface engineering is key to optimize
the performance of piezoelectric transducers based on piezoelectric semiconducting NWs.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/4/941/s1, Figure S1: Energy Band diagram along half the cross-section of a n-type ZnO NW.
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Abstract: This paper reports a genuine environment-friendly hybrid nanocomposite made by grow-
ing zinc oxide (ZnO) nanorods on cellulose nanofiber (CNF) film. The nanocomposite preparation,
characterizations, electromechanical property, and ultraviolet (UV) sensing performance are ex-
plained. CNF was extracted from the pulp by combining the 2,2,6,6-tetramethylpiperidine-1-oxyl
radical (TEMPO) oxidation and the aqueous counter collision (ACC) methods. The CNF film was
fabricated using doctor blade casting, and ZnO nanorods were grown on the CNF film by seeding and
by a hydrothermal method. Morphologies, optical transparency, mechanical and electromechanical
properties, and UV sensing properties were examined. The nanocomposite’s optical transparency
was more than 80%, and the piezoelectric charge constant d31 was 200 times larger than the CNF
film. The UV sensing performance of the prepared ZnO-CNF nanocomposites was tested in terms
of ZnO concentration, UV irradiance intensity, exposure side, and electrode materials. A large
aspect ratio of ZnO nanorods and a work function gap between ZnO nanorods and the electrode
material are essential for improving the UV sensing performance. However, these conditions should
be compromised with transparency. The use of CNF for ZnO-cellulose hybrid nanocomposite is
beneficial not only for electromechanical and UV sensing properties but also for high mechanical
properties, renewability, biocompatibility, flexibility, non-toxicity, and transparency.

Keywords: cellulose nanofiber; zinc oxide; nanocomposite; electromechanical property; UV sensing

1. Introduction

Organic and inorganic functional nanocomposites combine advantages of the individ-
ual materials that surpass parental material properties. They can achieve high mechanical
strength, electrical conductivity, thermal conductivity, antibacterial, gas barrier, flame retar-
dancy, electromagnetic shielding, optical transparency, energy harvesting, and actuating
properties [1]. Cellulose nanofiber (CNF) is an outstanding organic material composed of
nano-sized cellulose fibrils with a high aspect ratio [2–7]. The width of CNF is typically
in the range of 5–20 nm, and its length is typically up to several micrometers. Cellulose
molecules can form microfibrils during the biosynthesis process by forming inter- and
intra-molecular hydrogen bonds [4]. CNF extracted from plants by the top-down approach
has excellent properties: not only renewability, biodegradability, abundance, low price,
and light weight but also high optical transparency, outstanding mechanical properties,
and low thermal expansion coefficient [6]. Thus, CNF can be a building block of future
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materials applied for structural composites, coatings, cosmetics, 3D printing, sensors, soft
actuators, flexible electronics, energy devices, and flexible displays [8–13].

Inorganic nanomaterials can improve the functional properties of organic-inorganic
functional nanocomposites. The inorganic nanomaterials can be either blended or coated
with/on the polymer nanocomposites [14,15]. Owing to its benefits in terms of wide
bandgap (3.37 eV), high exciton binding energy (60 meV), ultraviolet (UV) response, optical
transparency, highly electrical conductivity, and piezoelectricity, zinc oxide (ZnO) has been
widely studied [16,17]. ZnO is broadly used in electronic devices, hybrid diodes, energy
harvesters, piezoelectric devices, field-effect transistors, gas sensors, photovoltaics, and
UV sensors [18–25]. It can be quickly grown on various substrates, including metal, glass,
silicon, sapphire, plastics, polymers, and cellulose [20,26–32].

With increasing interest in wearable devices, the ZnO-cellulose hybrid composite is
attractive because it can bridge ZnO’s functional properties and renewability and flex-
ibility of cellulose. Recently ZnO nanorods grown on paper and cellulose have been
reported [33–38]. A flexible and transparent cellulose-ZnO hybrid nanocomposite was
prepared by direct ZnO seeding and hydrothermal ZnO nanorod growth on a regenerated
cellulose film [35,36]. A zinc oxide nanolayer was uniformly formed on a regenerated cellu-
lose film using a solution-based hydrothermal process, which shows a drastic improvement
of its electromechanical behavior [37]. However, they used regenerated cellulose, which
was prepared using special solvents, such as LiCl/DMAc [39]. It is essential to use CNF
film instead of regenerated cellulose in cellulose-ZnO hybrid nanocomposites because the
particular solvent usage can be eliminated.

Thus, this research aimed to prepare a genuine environment-friendly ZnO-CNF
nanocomposite (ZCN) by growing ZnO nanorods on a CNF film according to the hydrother-
mal method. By using CNF instead of regenerated cellulose, the genuine environment-
friendly ZnO-cellulose nanocomposite was prepared. Since CNF possesses numerous hy-
droxyl groups on its surface, ZnO can be efficiently anchored on the CNF film surface. This
paper illustrates the CNF isolation, CNF film preparation, and the ZnO nanorods growth
on the CNF film. The ZnO nanorods were grown by adopting the seeding process, followed
by the hygrothermal process [37]. The morphologies, optical transparency, mechanical,
electromechanical, and UV sensing properties of the prepared ZCN were investigated.

2. Materials and Methods

2.1. Materials

Hardwood (HW) pulp was received from Hansol Paper and Pulp Co. (Jeonju, Korea).
HW bleached kraft pulp in dried pad form is a combination of Aspen and Poplar, and its
alpha-cellulose (α) content is 85.7%, and viscosity is 14.6 cPs. 2,2,6,6-tetramethylpiperidine-
1-oxyl radical (TEMPO, 98%), sodium bromide (NaBr, 99%), sodium hypochlorite (NaClO,
15%), and hydrochloric acid (HCl, 37%) were purchased from Sigma-Aldrich St. Louis, MO,
USA, and Sodium hydroxide (NaOH, 98%) was purchased from Daejung Chemical, Busan,
Korea. They were used to oxidize HW pulp further to extract CNF. Zinc acetate dihydrate
(Zn(CH3COO)2·2H2O, reagent grade 98%) was purchased from Sigma-Aldrich, and ethyl
alcohol anhydrous (C2H5OH, purity 99.5%) was purchased from Daejung Chemical. Zinc
nitrate hexahydrate (Zn(NO3)2·6H2O, reagent grade 98%) and hexamethylenetetramine
(HMT, (CH2)6N4, reagent grade 99%) were purchased from Sigma-Aldrich. All other
chemicals used were analytical-reagent-grade (Purity > 99%) and used as received.

2.2. CNF Extraction and CNF Film Fabrication

The CNF was extracted by the TEMPO oxidation and aqueous counter collision system
(ACC, ACCNAC-100, CNNT, Suwon, Korea) combined method, which has been reported
previously [40]. The TEMPO oxidation acts as a pretreatment process for the ACC process.
In brief, the HW pulp was cut into small pieces and swelled in deionized (DI) water for
one day before disintegrating by a food mixer for 10 min. After that, TEMPO, NaBr, and DI
water were added to the swollen HW pulp suspension. To start the oxidization process, the
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NaClO was added into the mixture and stirred at room temperature. A pH meter (Orion
Star A211, Thermo Scientific, Waltham, MA, USA) was used to monitor the mixture’s pH
value, maintaining it at 12 by adding NaOH. To stop the TEMPO oxidation reaction, 0.5 M
HCl was added into the mixture and adjusted the pH value to 7. Finally, the oxidized
cellulose pulp was washed with DI water to remove the chemical residues using a 90 μm
mesh sieve. The TEMPO-oxidized pulp was further pulverized using the ACC system. The
pulp was passed through a pair of diamond nozzles in a collision chamber with 200 MPa,
such that a pair of aqueous solution jets collide against each other, resulting in an aqueous
CNF suspension. The number of ejections passing through the nozzles was called “pass”
As the number of passes increases, the CNF size decreases. TEMPO oxidation 60 min and
ACC 30-pass-treated CNF was an optimum condition from the previous research [40], and
the same condition was used in this research. The CNF suspension was degassed using a
centrifuge machine (Supra 22K, Hanil Scientific Inc., Incheon, Korea) with 5000 rpm, 1 h.

The CNF film was prepared using a doctor blade casting, as shown in Figure 1. A
polycarbonate (PC) substrate was used for the CNF film casting. The PC substrate, where
its boundaries were covered with the polyimide tape, was treated with an oxygen plasma
using an oxygen-plasma treatment system (FEMTO Science, CUTE, Hwaseong-si, Korea)
for 20 s to slightly increase its hydrophilicity of the PC substrate. The CNF suspension
was cast on the plasma-treated PC plate using a doctor blade and dried in a cleanroom.
After drying, the pristine CNF film was immersed in an ethanol bath for separating the
pristine CNF film from the PC substrate. After evaporating ethanol, the pristine CNF film
was peeled off from the PC substrate.

Figure 1. Schematic of CNF film fabrication process.

2.3. ZnO-CNF Nanocomposite Fabrication

The previously reported two-step process was adopted for growing ZnO nanorods on
the CNF film: ZnO nanoparticles seeding and the ZnO nanorod growing [35]. In brief, the
CNF film was fixed on a silicon wafer to maintain its flatness. Zinc acetate was dissolved
in ethanol by stirring under 60 ◦C for 1 h, and the solution temperature was maintained at
60 ◦C to prevent ZnO crystal extraction. The solution was then spin-coated on the CNF
film, followed by drying at 100 ◦C. This process was repeated 10 times with 3 min duration
to form a dense ZnO seeding layer on top of the CNF film. After that, the ZnO-seeded CNF
film was annealed at 100 ◦C for 30 min. Figure 2a shows the ZnO seeding process.

For growing ZnO nanorods, zinc nitrate aqueous solution and HMT aqueous solution
were mixed. After the ZnO-seeded CNF film was floated on the surface of zinc nitrate
aqueous solution, the solution was heated up to 90 ◦C for 1 h. As the nanorods grew,
the CNF film color was changed from transparent to hazy then perfectly white. After
growing ZnO nanorods, the nanocomposite was dried at room temperature. By controlling
the chemical concentration, 25 mM and 50 mM of ZnO growing solutions were used to
fabricate two ZCNs: 25 mM ZCN and 50mM ZCN. Figure 2b shows the schematic of the
ZCN fabrication process.
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Figure 2. Schematic of ZnO-CNF nanocomposite fabrication process: (a) seeding process and (b) nanorod growing process.

2.4. Characterizations

A UV-2501PC UV-Vis spectrometer (Shimadzu, Kyoto, Japan) was used to analyze
the transparency of the pristine CNF film and ZCNs. Field-emission scanning electron
microscopy (FESEM) (S-4000, Hitachi, Matsuda, Japan) was used to investigate the mor-
phologies of the pristine CNF film and ZCNs.

The mechanical and electromechanical properties were measured using a tensile test
system, which consists of a load cell (UU-K010, Dacell, Nami-Myeon, Korea), a servo
motor controller, a picoammeter (Keithley 6485, Tektronix, Beaverton, OR, USA), an en-
vironmental chamber, and LabVIEW software (National Instruments, Austin, TX, USA))
with a personal computer [41]. Aluminum electrodes were deposited on both sides of
specimens by a thermal evaporation system (SHE-6D-350T, Samhan, Paju, Korea). Thin
copper wires were connected to the electrodes and grounded to release space charges
accumulated on the electrodes during the deposition. The electromechanical property was
found by measuring the piezoelectric charge constant, d31, in the tensile test system. The
specimens were subjected to a tensile load in its length direction, and the induced current
was measured across the thickness direction from the electrodes using the picoammeter.
The induced current can be converted into a charge per unit electrode area, and d31 can be
obtained as:

d31 =

(
∂D3

∂T1

)
E
=

Induced charge per unit electrod area
Applied in − plane normal stress

[C/N] (1)

2.5. UV Sensing Test

Figure 3a shows the schematic of UV sensing from ZCN. The ZCN was cut into
1.7 × 1.7 cm2, and then platinum or indium tin oxide (ITO) was coated with 1.5 × 1.5 cm2

size using a sputtering system (K575X, Quorum Technologies Ltd., Lewes, UK) to form
electrodes on both side of the specimens. Thin copper wires were attached to both electrodes
using a conductive silver paste and then coated with a thin laminate film to protect the ZnO
layer. Before proceeding with the UV sensing test, the specimen was attached on a linear
stage such that the distance between the UV light source and the specimen can be adjusted
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(see Figure 3b). A UV light lamp (PL-S 9W/2P BLB, Philips, Eindhoven, The Netherlands)
of 365 nm wavelength was used as the light source. The UV irradiance intensity was
measured using a UV meter (UV-A Meter, Kuhnast, Wächtersbach, Germany), which has
the highest sensitivity at 360 nm wavelength. UV irradiance intensities of 1, 1.5, 3, and
5 mW/cm2 were applied to the specimens. For evaluating the UV sensing performance,
the induced current was measured using the picoammeter. The UV irradiance was exposed
to the cellulose side and ZnO side, and the exposure side effect was also investigated.

Figure 3. (a) Schematic of UV sensing ZCN and (b) UV-sensing test setup.

3. Results

3.1. Optical Transparencies and Morphologies

Figure 4 shows the transparency of the prepared ZCNs and the pristine CNF film. The
pristine CNF film showed the highest transparency of 89.2% in the visible light range, and
the ZCNs exhibited high transparencies of 82.9% and 80.7% for the 25 mM and 50 mM ZnO
concentrations. Within the UV wavelength range up to 370 nm, the ZCNs mostly block UV
light, indicating that the ZnO nanorods adsorb most UV lights.

Figure 4. Optical transparencies of the pristine CNF film and ZnO-CNF nanocomposites.

Figure 5 shows the surface and cross-sectional morphologies of the pristine CNF film
and ZCNs. The pristine CNF film surface is very smooth, and its cross-section exhibits
a layered structure similar to the regenerated cellulose [42]. The ZnO nanorods were
successfully grown vertically from the surface of CNF film, and their lengths of the 25 mM
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and 50 mM specimens are 500 nm and 800 nm. The vertically grown ZnO nanorods are
beneficial for improving optical transparency and electromechanical properties. The ZnO
nanorod morphologies are similar to the previous report [35]. The ZnO nanorod diameter
was similar to the previous result, 110 nm [35]. Lower optical transparency of the 50 mM
ZCN was attributed to the longer ZnO nanorods than the 25 mM ZCN.

Figure 5. Surface (a–c) and cross-sectional (d–f) FESEM images: (a,d) the pristine CNF film, (b,e) 25 mM ZCN,
(c,f) 50 mM ZCN.

3.2. Mechanical and Electromechanical Properties

The mechanical and electromechanical properties of the pristine CNF and ZCNs were
measured. Figure 6a shows the stress-strain curves of the specimens. The yielding occurred
around 0.8–1.2% strain, and by fitting the slopes of the stress-strain curves within the elastic
region, Young’s moduli were found. The results are listed in Table 1. The tensile strength
(St) of the pristine CNF film was 131.4 MPa, which is a bit larger than the regenerated
cellulose film (120 MPa, no-stretching) [42]. The Young’s modulus of the pristine CNF
film was 12.8 GPa, much larger than the regenerated cellulose film (5.3 GPa, no-stretching).
The CNF pristine film’s mechanical properties increase might be associated with the CNF
alignment in the pristine CNF film. Thus, it is beneficial to use the pristine CNF film instead
of the regenerated cellulose film for the ZCN.

After ZnO nanorod growing, the tensile strength of ZCNs ranged 115–116 MPa, and
Young’s modulus was in the range of 9.6–9.7 GPa, a bit less than the pristine CNF film.
The decreased mechanical properties might be due to the material mismatch between the
CNF film and the grown ZnO nanorods. Note that the thickness of the ZnO nanorod layers
was 0.5–0.8 μm, and the CNF film thickness was 20 μm. The grown ZnO nanorods cannot
resist under the tensile load because they were grown perpendicular to the CNF film. Thus,
although the ZnO layer thickness was smaller than the CNF film, the overall mechanical
properties of ZCN were decreased.
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Figure 6. (a) Stress-strain curves and (b) induced charge curves of the pristine CNF film and ZCNs.

Table 1. Mechanical and electromechanical properties of the pristine CNF and ZCNs.

Sample E (GPa) St (MPa) d31 (pC/N)

Pristine CNF film 12.8 ± 0.1 131.4 ± 3.7 0.22 ± 0.1
25 mM ZCN 9.6 ± 1.4 116.0 ± 12 26 ± 5.6
50 mM ZCN 9.7 ± 0.3 115.0 ± 13.7 48.8 ± 11.7

Regenerated cellulose
EAPap [36] 5.3 120 3.4

Figure 6b shows the charge-strain curves of the pristine CNF film and ZCNs. Strain-
induced charges increased with increasing the ZnO concentration within the elastic region.
The piezoelectric charge constant, d31, of the pristine CNF film was 0.22 pC/N. This value
is lower than the regenerated-cellulose electro-active paper (EAPap) without stretching,
3.4 pC/N [42]. Note that the d31 of the regenerated cellulose EAPap drastically increased
up to 16–17 pC/N as the stretching ratio increased to 2.0 [42,43]. The d31 values of the
25 mM and 50 mM ZCNs were 26 and 48.8 pC/N. The maximum d31 of the 50 mM ZCN
is 14 times larger than the regenerated cellulose EAPap, and 200 times larger than the
pristine CNF film. The remarkable electromechanical property is attributed to the dipolar
orientation of ZnO nanorods and surface piezoelectricity between the CNF film and the
ZnO nanorods.

3.3. UV Sensing Test

The prepared ZCNs were UV-sensing-tested. The ZnO concentration effect on the UV
sensing was investigated. Figure 7 shows the induced current from the ZCNs depending on
the ZnO concentration when the UV light was on and off under 5 mW/cm2 UV irradiance.
As the UV light was on, the current output from ZCNs sharply increased and saturated
within 20–30 s. The 50 mM ZCN, however, gradually decreased after the saturation. After
the UV light was off, the current output of ZCNs immediately decreased and returned to
the nearly initial level after 120 s. Note that the current outputs are repeatable. The 50 mM
ZCN exhibited almost four times higher current output than the 25 mM ZCN, which might
be associated with the ZnO nanorods’ length. Since bigger ZnO nanorods in the 50 mM
ZCN (800 nm) than the 25 mM ZCN (500 nm) give a larger surface area, more oxygen
molecules can be attracted on the ZnO nanorods, such that larger current output can be
obtained from the 50 mM ZCN than the 25 mM ZCN.
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Figure 7. Induced current outputs of ZCNs with different ZnO concentrations.

Figure 8a,b show the induced current outputs of ZCNs under the UV irradiance
change. By controlling the distance between the UV light source and the specimens, the
UV irradiance intensity was measured using the UV-A meter, and the intensity levels were
1, 1.5, 3, and 5 mW/cm2. Both 25 mM and 50 mM ZCNs were tested under the same
condition. As the UV irradiance turned on and off with increasing the UV irradiance
intensity, the current outputs followed the intensity signals and the maximum current
outputs increased. Figure 8c shows the maximum current outputs of ZCNs with the UV
irradiance change. The 25 mM ZCN exhibited a linear response, whereas the 50 mM ZCN
represented a nonlinear response, which might be due to its large current output.

Since the ZCN has two different sides, the UV exposure side effect was investigated
by irradiating UV light onto the ZnO nanorods side and cellulose side. Figure 9 represents
the induced current outputs of ZCNs by exposing UV irradiance to ZnO nanorods side
and cellulose side for the 25 mM ZCN (a) and 50 mM ZCN (b). The test was performed
under 3 mW/cm2 UV irradiance intensity. In the 25 mM ZCN, the current output from the
cellulose side was slightly larger than the ZnO nanorods side. However, the 50 mM ZCN
was different: the current output from the cellulose side was almost twice higher than the
ZnO nanorods side. The CNF film is transparent, and the interface boundary between the
CNF film and the ZnO seed layer is smoother than the ZnO nanorods side. The cellulose
side scattered the UV irradiance less than the ZnO nanorods side, such that more current
output occurred from the cellulose-side exposure [35].
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Figure 8. Induced current outputs of ZCNs: (a) 25 mM ZCN, (b) 50 mM ZCN, and (c) the UV irradiance intensity effect.

Figure 9. Current outputs of ZCNs with different UV irradiate sides: (a) 25 mM ZCN and (b) 50 mM ZCN.

So far, Pt was coated on both sides of ZCNs to form electrodes. To investigate the
electrode material effect on the UV sensing performance, a transparent electrode material,
ITO, was coated on both sides of the ZCNs and compared with the Pt electrode. Figure 10
shows the current output of the 25 mM ZCN (a) and the 50 mM ZCN (b) for both electrode
materials. Inset photographs show the images of the Pt- and ITO-coated ZCNs. Note
that ITO is known to be transparent at 365 nm in contrast to Pt. Thus the ITO-coated
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ZCN is beneficial for achieving a transparent UV sensor. The Pt electrode ones showed
larger current output than the ITO electrode cases in 25 mM and 50 mM ZCNs. The
Pt-electrode-induced current was 1.8 times larger than the ITO electrode, and the 50 mM
ZCN was 3 times larger. This phenomenon might be associated with the work function
difference between the electrode and ZnO nanorods: ZnO work function is 4.3 eV, Pt is
5.7 eV, and ITO is around 4.3 eV [44]. The large work function gap between the ZnO and
the electrode induced high current output under the same UV irradiance intensity. Since
the work function of ITO electrode is almost the same as the ZnO, the ITO electrode did
not show large current outputs. The Pt electrode on the ZnO nanorods could correspond
to Schottky contact, which results in a large forward current and very low reverse bias.
Additionally, the conductivity of the ITO electrode is lower than the Pt electrode. Note
that the ITO electrode’s current outputs dropped quickly after turning on the UV light.
It might be because the oxygen atoms incorporated into the ITO electrode decrease the
oxygen vacancies and then give rise to the ITO electrode’s high resistivity, which resulted
in fast current decay.

Figure 10. Platinum and ITO electrodes’ effect on the ZCN: (a) 25 mM ZCN and (b) 50 mM ZCN.

The UV sensing performance of ZCN was compared with the previously reported
cellulose-ZnO hybrid nanocomposite (CEZOHN) [35]. CEZOHN is a ZnO-nanorod hy-
brid nanocomposite grown on a regenerated cellulose film. Figure 11a shows the peak
current outputs of the ZCNs compared with the CEZOHN as the UV irradiation intensity
changes. The current outputs were normalized with the electrode areas, and the ZCNs
were recapped from Figure 8c. The peak current outputs increased with the UV irradiation
intensity, and the CEZOHN exhibited higher UV sensing performance than the ZCNs. The
high performance of UV sensing was investigated with the ZnO nanorod length. The ZCNs
used the same ZnO seeding and growing process as the CEZOHN. Note that the CEZOHN
used a 50 mM concentration of zinc nitrate aqueous solution for growing the ZnO nanorods.
Figure 11b represents the unit current output of ZCNs and CEZOHN with the length of
the nanorods. The unit current output was calculated from the maximum peak current
outputs divided by the UV irradiation intensity, which turned out to be nA/mW. The ZnO
nanorods’ length of CEZOHN was 1 μm, and the ZC was 500 nm and 800 nm. Table 2 rep-
resents the photosensitivities of the prepared ZCNs comparing with CEZOHN. The peak
current increased from 59.69 ± 2.57 to 212.53 ± 9.09 nA for the 25 mM and 50 mM ZCNs,
and their unit current output increased from 11.94 ± 0.51 to 42.51 ± 1.82 nA/mW/cm2. It
is clearly shown that the current output is strongly related to the ZnO nanorods’ length.
Thus, a large aspect ratio of ZnO nanorods is crucial for improving the UV sensing perfor-
mance. A significant work function difference between ZnO nanorods and the electrode
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material should be made for performance improvement. However, the large aspect ratio
of ZnO nanorods and considerable work function electrode material could deteriorate
the ZCN’s transparency. Thus, they should be compromised with the transparency of
ZCN. Nevertheless, the use of CNF for ZCN is beneficial for high mechanical properties,
renewability, biocompatibility, flexibility, non-toxicity, and transparency.

Figure 11. Current output comparison of ZCNs and CEZOHN: (a) peak current outputs with UV intensity changing and
(b) the maximum unit current output with the ZnO nanorods’ length.

Table 2. Photosensitivities of the ZCNs compared with CEZOHN.

Sample
ZCNs

CEZOHN
25 mM ZCN 50 mM ZCN

Peak current (nA/cm2) 59.69 ± 2.57 212.53 ± 9.09 142.5

Unit current output
(nA/mW/cm2) 11.94 ± 0.51 42.51 ± 1.82 124.0

ZnO nanorod size (nm) 500 800 1000

Response time (s) 70 35 25

4. Conclusions

In this study, the environment-friendly ZnO-CNF nanocomposites were fabricated by
growing ZnO nanorods on the CNF film using two-step methods: seeding and nanorod
growing by the hydrothermal method. The CNF extraction, the film casting, the ZnO
nanorod growing, and all characterization were performed. The tensile strength and
Young’s modulus of the CNF film (120 MPa, 12.8 GPa) were higher than the regenerated
cellulose film (120 MPa, 5.3 GPa). Thus, it is beneficial to use the CNF film instead of the
regenerated cellulose film to form the nanocomposites. Transparency of the ZnO-CNF
nanocomposites slightly decreased from the pristine CNF film but still maintained more
than 80%. The SEM images exhibited that the ZnO nanorods were grown uniformly on the
CNF film surface, and the length of the nanorods was 500 nm and 800 nm for 25 mM and
50 mM ZnO concentration nanocomposites. After growing ZnO nanorods on the CNF film,
the electromechanical property was increased more than 200 times compared to the pristine
CNF film. As the ZnO concentration increased, the electromechanical property increased.

The UV sensing performance of the prepared ZnO-CNF nanocomposites was tested in
terms of ZnO concentration, UV irradiance intensity, exposure side, and electrode materials.
When increasing the ZnO concentration and UV irradiance intensity, the induced current
output also increased. When the cellulose side was exposed to the UV irradiance, the
induced current was higher than the ZnO nanorods-side exposure. Due to the transparency
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and smooth surface of the CNF film, it scattered UV irradiance less than the ZnO nanorods
side. Regarding the electrode materials, the Pt electrode generated larger current output
than the ITO electrode, which is associated with the work function difference between the
electrode material and the ZnO nanorods.

The UV sensing performance of the ZnO-CNF nanocomposite and the previously
reported regenerated cellulose-based ZnO hybrid nanocomposite was compared. The
current output from the regenerated cellulose-based one was higher than the ZnO-CNF
nanocomposites, attributed to the ZnO nanorods’ length. When increasing the length of the
nanorods, the current output also increased. The high aspect ratio of ZnO nanorods in con-
junction with the work function gap between ZnO nanorods and the electrode material are
essential to improve the UV sensing performance, although they should be compromised
with the transparency. The use of CNF for ZnO-cellulose hybrid nanocomposites is benefi-
cial not only for electromechanical and UV sensing properties but also for high mechanical
properties, renewability, biocompatibility, flexibility, non-toxicity, and transparency.
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Abstract: Zinc oxide (ZnO) nanowires (NWs) are excellent candidates for the fabrication of energy
harvesters, mechanical sensors, and piezotronic and piezophototronic devices. In order to integrate
ZnO NWs into flexible devices, low-temperature fabrication methods are required that do not damage
the plastic substrate. To date, the deposition of patterned ceramic thin films on flexible substrates is a
difficult task to perform under vacuum-free conditions. Printing methods to deposit functional thin
films offer many advantages, such as a low cost, low temperature, high throughput, and patterning
at the same stage of deposition. Among printing techniques, gravure-based techniques are among
the most attractive due to their ability to produce high quality results at high speeds and perform
deposition over a large area. In this paper, we explore gravure printing as a cost-effective high-quality
method to deposit thin ZnO seed layers on flexible polymer substrates. For the first time, we show
that by following a chemical bath deposition (CBD) process, ZnO nanowires may be grown over
gravure-printed ZnO nanoparticle seed layers. Piezo-response force microscopy (PFM) reveals the
presence of a homogeneous distribution of Zn-polar domains in the NWs, and, by use of the data,
the piezoelectric coefficient is estimated to be close to 4 pm/V. The overall results demonstrate
that gravure printing is an appropriate method to deposit seed layers at a low temperature and to
undertake the direct fabrication of flexible piezoelectric transducers that are based on ZnO nanowires.
This work opens the possibility of manufacturing completely vacuum-free solution-based flexible
piezoelectric devices.

Keywords: piezoelectric sensor; mechanical energy harvesting; nanogenerator chemical synthesis;
gravure printing; flexible electronics

1. Introduction

Flexible piezoelectric transducers make the development of innovative devices pos-
sible, especially in the energy and sensor fields [1]. Several piezoelectric materials have
been studied and integrated into flexible substrates, including organic materials, such
as poly(vinylidene fluoride) (PVDF) [2] and its co-polymers [3–5]; inorganic materials,
like lead zirconate titanate (PZT) [6], potassium sodium niobate (KNN) [7], lead mag-
nesium niobate-lead titanate (PMN-PT) [8], barium titanate (BaTiO3) [9], zinc stannate
(ZnSnO3) [10], and bismuth ferrite (BiFeO3) [11]; and semiconductors like zinc oxide (ZnO)
in the shape of nanowires (NWs) [12,13]. Among those materials, ZnO has attracted a

Nanomaterials 2021, 11, 1430. https://doi.org/10.3390/nano11061430 https://www.mdpi.com/journal/nanomaterials
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great deal of attention because it is biocompatible, abundant, and sustainable, making it
interesting for future applications while reducing the use of critical and toxic materials [14].
In particular, ZnO NWs have been widely used in different applications related to the
conversion of mechanical energy into electricity at the nanometric scale. Some advantages
of these NWs, compared to the bulk counterpart, are the ability to withstand high deforma-
tion values without fracturing [15–17], high values for the Young’s modulus [18,19], and
high values for the piezoelectric coefficient [20], as well as a high surface-to-volume ratio
that allows enhanced piezoelectric responses thanks to Fermi-level pinning [21].

ZnO can exist in different miniaturized forms, like quantum dots, nanorods, nanowires,
nanotubes, nanosheets, nanobelts, nanocones, and twinned disk structures [22]. The ability
to form different shapes in miniature sizes, along with a high surface charge density, po-
larity, and orientation enables ZnO nanostructures to display various applications in the
fields of gas sensing, energy storage, energy harvesting, photocatalysis, flexible electronics,
optoelectronics, and environmental waste treatment, etc. The high surface area of ZnO
NWs promotes greater interfacial adsorption and diffusion, which enhances their physical
and chemical properties. ZnO has a wide band gap of 3.37 eV, which is one of the highest
in the II-IV semiconductor metal oxides, and also has a large excitation binding energy of
60 meV [23].

These superior properties make ZnO NWs an interesting material to be adopted
in the high-tech renewable energy field for the development of energy conversion or
storage devices, as ZnO NWs meet the requirements for power and energy density [24].
Also, the low cost of fabrication, negligible emission of pollutants, and the possibility of
enhancing energy conversion efficiency make ZnO NW-based devices economically viable
for industrial production [25,26].

The first energy harvesting device based on ZnO NWs (then referred to as a
nanogenerator—NG) was demonstrated in 2006 by Wang et al. [27]. Since then, a number
of NG devices with different structures that are grown on flexible or rigid substrates have
been investigated. Recently, in the field of flexible electronics, a great deal of effort has been
focused on flexible NG devices, which can be used while experiencing bending [28–30] or
compressive [31–35] forces in applications like material-based flexible electronic skins [36]
or as nanocomposite-based sensors [37].

Chemical bath deposition (CBD) is a particularly popular method to grow piezoelectric
nanostructures due to its ease of implementation, support to scale production, and mod-
erate processing temperatures [33,38,39]. With low processing temperatures, the method
is suitable for the use of flexible plastic substrates. Usually, the substrate is covered by a
thin seed layer to promote growth and lower the thermodynamic nucleation barrier [40].
Once the seed layer is deposited, the substrates are immersed in a supersaturated growth
solution at a moderate temperature for several hours. Using this technique, ZnO NWs or
nanorods (NRs) have been grown over metallic [41–43] and polymeric materials [30,44,45],
depending on the type of ZnO seed layer deposition. In this work, zinc nitrate hexahydrate
(Zn(NO3)2.6H2O) and hexamethylenetetramine ((CH2)6N4) are used as precursors for the
synthesis of ZnO NWs using the CBD process. Hexamethylenetetramine (HMTA) is a
popular reagent that is used as a hydroxide anion (OH−) precursor for ZnO synthesis [46].

To date, a large variety of techniques are used to obtain ZnO seed layers, such as RF
sputtering, atomic layer deposition (ALD), spray pyrolysis, chemical vapor deposition, and
wet chemical synthetic routes, including spin and dip coatings [47,48]; however, most of
them are confined to a laboratory scale and require an additional procedure for preparing
patterned layers through expensive and complex processes such as photolithography and
etching [49]. Moreover, the typical synthetic routes usually require high temperature
annealing post-treatment for improving the crystallinity of the ZnO seeds, thus excluding
polymers from the choice of flexible substrates [50–52].

On the other hand, there has been an increasingly pressing demand for easy and
cost-effective methods to prepare ZnO patterned seed layers at low temperatures [49,53],
which is essential for the use of plastic substrates.
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In the last decade, conventional printing processes have been highly regarded as
additive techniques for easy, fast, and low-cost thin film deposition at ambient condi-
tions [54,55]. Using these techniques, patterning is carried out simultaneously with the
deposition, thus substantially reducing energy, time, and material consumption [56]. In
addition, the typical low temperatures of solution processes make printing compatible
with most flexible substrates [55,57]. Among printing techniques, gravure techniques are
widely employed in many fields and applications thanks to the ability to couple high
throughput and high quality [58,59]. Recently, gravure printing has been proven to support
the production of uniform large-scale nanoparticulate ZnO thin films on flexible plastic
substrates [60]. The quality of the deposited films is so high that it successfully allows
subsequent ZnO sintering through an innovative method at a very low temperature and in
pressure less conditions [61]. Several printing techniques have been used to deposit ZnO
seed layers for the subsequent growth of ZnO NWs, although none of the reports show
piezoelectric measurements with the grown NWs [57]. Furthermore, to the best of our
knowledge, there have been no reports on the growth of ZnO NWs from layers deposited
by gravure printing.

Gravure printing techniques rely on the direct transfer of a low-viscosity ink
(1–100 mPas) from the micro-engraved cells of a cylinder to a flexible substrate by the
pressure of a counter cylinder. This process can be considered as a sequence of sub-
processes (inking, doctoring, transfer, spreading, and drying, as shown in Figure 1a–d) [60].
Essentially, at the microscopic level, the fluid dynamics of the gravure printing process are
governed by the balance between viscous and surface tension forces, where the latter are
the driving force [62].

 
Figure 1. Fabrication process of ZnO seed layers by gravure printing and subsequent NW growth. The gravure printing
process can be divided in the following steps: (a) inking, doctoring, and transfer; (b) spreading; (c) drying; (d) production of
the final solid thin film. (e) The final growth of ZnO NWs is performed via low-temperature CBD.

In this study, gravure printing with crystalline ZnO nanoparticles (NPs) was attempted
for the first time to produce a seed layer for ZnO NW growth (Figure 1e) from the per-
spective of flexible piezoelectric devices manufacturing. Using crystalline NPs as starting
material allows the elimination of the thermal post-annealing step, making the process
easier, time-effective, and compatible with polymeric substrates. Two morphologies of
the seed layer were also produced (i.e., nanoparticulate and sintered) to investigate their
influence on the density, the diameter, and the orientation of NW growth. The NWs grown
from the gravure-printed seed layers were also compared with ZnO NWs grown from a
seed layer deposited by ALD on a silicon substrate as a reference.
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Piezoelectric properties, including the amplitude of the piezo-response and the phase
of the grown NWs, were measured with the different samples via piezo-response force
microscopy (PFM).

2. Experiments

2.1. Seed Layer Deposition

A ZnO NP colloidal suspension (Sigma-Aldrich, St. Luis, MO, USA, particle size
<130 nm) was used to prepare an ink, diluting the commercial suspension with ethanol
(final concentration 8 wt %), for printing seed layers of a 55 ± 6 nm size onto a commercial
indium tin oxide (ITO)/poly(ethylene terephthalate) (PET) (150 nm/125 μm) substrate
(2 × 1.5 cm2) acquired from DuPont Teijin Films, Luxembourg.

Printing was performed using a lab-scale gravure printer (IGT G1-5, Amsterdam, the
Netherland) equipped with a cylinder with a line density of 70 lines/cm, stylus angle of
120◦, screen angle of 53◦, and cell depth of 30 μm. All prints were performed in air at
room temperature on corona-treated substrates. After preliminary tests, the best printing
conditions were found to be a printing force of 500 N at a speed of 60 m/min. After
printing, the samples were dried at 100 ◦C for one hour. The thickness of the dried printed
layers above reported was investigated by an interferometry-based optical profilometer
(Talysurf CCI HD, Taylor Hobson, Leicester, UK).

A set of ZnO NP printed samples were exposed to the vapor of 1 M acetic acid aqueous
solutions for 4 h in a closed oven at 50 ◦C for inducing chemical bonds among the particles
up to the sintering, as reported elsewhere [61].

A 40-nm-thick ZnO seed layer was also deposited on an ITO/Si (166 nm/375 μm)
substrate (1.5 × 1.5 cm2) by ALD at 250 ◦C as previously reported [33]. These samples
were prepared as references for the growth of ZnO NWs.

2.2. Growth of Nanowires

All ZnO NWs were grown under identical conditions by CBD. Samples grown on
Si/ITO substrates were firstly cleaned with acetone, ethanol, and DI water in an ultrasonic
bath for 5 min and dried with an N2 gun. For the seed layers prepared by gravure printing,
the acetone and ethanol washing steps were omitted. Hexamethylenetetramine ((CH2)6N4,
Sigma-Aldrich) and zinc nitrate hexahydrate (Zn(NO3)2.6H2O, Sigma-Aldrich, St. Luis,
MO, USA) were dissolved in equimolar (50 mM) ratios in 150 mL of DI water at room
temperature. The growth solution was stirred for 20 min at 1000 rpm and later put to rest
for 40 min before decanting the clear solution into glass bottles. The substrates were fixed
on cleaned glass slides with Kapton tape before being immersed face-down into the growth
solution. The hydrothermal growth was carried out in an oven at 85 ◦C for 16 h. Later, the
substrates were rinsed with DI water and dried with an N2 gun before being stored for
surface characterization.

2.3. Structural Property Measurement

The printed films were morphologically characterized by atomic force microscopy
(AFM) and scanning electron microscopy (SEM). AFM analysis was carried out using the
Veeco Dimension Digital Instruments Nanoscope IV, New York, NY, USA.

Plainview, NY 11803 apparatus in the tapping mode configuration. For the SEM
investigations of the gravure films, a field emission scanning electron microscope (FEG-
SEM, Leo 1530 Gemini by Zeiss, Oberkochen, Germany) was used with an operating
voltage of 7–9 kV.

Raman spectroscopy was carried out by a Renishaw InVia Reflex (Renishaw, Torino,
IT) spectrometer selecting the laser wavelength of 514.5 nm (laser power of 100%) and an
objective of 50× for magnification. The investigated wavelength range was 300–800 cm−1.
For each measurement, 30 subsequent accumulations and an exposure time of 10 s were set.
For each type of sample, ten measurements were taken in order to verify their homogeneity.
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2.4. Piezoelectric and Polarity Measurement

A Bruker Dimension Icon (Santa Barbara, CA, USA) atomic force microscope instru-
ment was used to carry out the PFM measurements on the ZnO NWs. A PtSi noncontact
high-resonance frequency (NCH) tip with a high spring constant value (range values
among 43–50 N/m) was used in the measurements. The PtSi-NCH tip was chosen to
perform the PFM measurement as it allows a reduction of the electrostatic force involved in
the piezoelectric signal [63,64]. The applied AC bias was fixed at 5 V, and the frequency was
kept at 14 kHz to avoid any electrostatic contribution (typically above 50 kHz) as shown in
the amplitude and phase vs. frequency plots (see Figure S1). To avoid collisions and lateral
bending of the vertically grown NWs with the AFM tip, the classical contact mode PFM
was not used in this study. Instead, the DataCube mode was used to measure the amplitude
and phase (see the details in the Supplementary Material, including Figures S2 and S3).

3. Results and Discussion

In this work, gravure printing was investigated regarding the deposition of ZnO seed
layers for the subsequent growth of NWs. On the base of a previous study [60], it was pos-
sible to obtain a very smooth, continuous, and homogeneous thin film of nanoparticulate
ZnO seeds printed onto an ITO-coated PET substrate (see details in the Supplementary
Material, including Table S1 and Figure S4). After printing, some of the printed samples
were exposed to a vapor annealing sintering treatment at a very low temperature (50 ◦C)
to investigate the effect of the seed layer morphology on NW growth.

Figures 2 and 3 show SEM and AFM images of the printed ZnO seed layers exposed
at different annealing times of 0 and 4 h, respectively. The surface morphology changed
from close-packed nanoparticulate film (as-printed) up to a dense one (sintered) over time.
Indeed, thanks to a dissolution-reprecipitation mechanism during acidic vapor annealing,
the chemical bonds among NPs merge particles as per a grain growth phenomenon. From
these SEM images, the measured grain size in the non-sintered layers was 45 ± 12 nm.
Concerning the sintered samples, although the evaluation was complex because the grain
borders were not well defined, the measured values changed drastically with respect to the
non-sintered layers. By the SEM analysis, the grain size ranges from 500 nm to 1000 nm
with an estimated average of 547 ± 450 nm.

 

Figure 2. (a) SEM image; (a’) magnified SEM image; (b) AFM phase image; (b’) magnified AFM
phase image of the as-printed (non-sintered) ZnO seed layer.
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Figure 3. (a) SEM image; (a’) magnified SEM image; (b) AFM phase image; (b’) magnified AFM
phase image of the sintered printed ZnO seed layer obtained after 4 h of treatment.

NWs were grown by a CBD method on both types of printed ZnO seed layers.
Moreover, in order to obtain reference samples, NW growth was also performed on a
Si/ITO/ZnO substrate where a ZnO seed layer was deposited by ALD. In Figure 4a–c,
SEM images of the ZnO NWs on the different seed layers are shown. In Figure 4a’–c’,
magnified images of the ZnO NWs are shown in a similar sequence. The ZnO NWs
that were grown on the ZnO (ALD)/ITO/Si and the as-printed (not sintered) ZnO seed
layer/ITO/PET substrates have average diameters of nearly 199 nm and 210 nm and
standard deviations of nearly 86 nm and 84 nm, respectively. Histograms of these mea-
surements are shown in Figure S5a,b. The ZnO NWs were closely packed and showed
good vertical alignment. The obtained ZnO NWs had relatively small diameters and
good alignment, which is important in piezoelectric applications [21], in particular when
taking into account the following: (i) low temperature techniques of seed layer deposition;
(ii) deposition on flexible substrates; and (iii) the use of non-expensive chemical methods
without the requirement of a vacuum (see Table S2). In Figure 4c, it may be observed that
the ZnO NWs were sparsely packed and featured random growth orientations. There was
a drastic change in the dimensions of the ZnO NWs, with an average diameter of 987 nm
and standard deviation of 250 nm (see Figure S5c). Figure S6a,b shows cross-sectional SEM
images of ZnO NWs grown on the ITO/Si and ITO/PET substrates, respectively. It was
estimated that the ZnO NWs were nearly 3.5 μm in length. It can be observed that during
the growth process of ZnO NWs, some of the NWs merged. The screw-like tops of the
ZnO NWs in Figure 4c indicates that their growth followed a screw dislocation nucleation
mechanism along the axial direction [65].
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Figure 4. SEM images of the ZnO NWs grown on a (a) ZnO (ALD)/ITO/Si substrate; (a’) magnified
image; (b) as-printed (non-sintered) ZnO seed layer/ITO/PET; (b’) magnified image; (c) sintered
printed ZnO seed layer/ITO/PET; (c’) magnified image.

As can be seen, the growth of NWs appeared to be significantly affected by the mor-
phology of the seed layer, as also stated in the literature [66–68]; however, the relationships
between the seed layer characteristics and NW growth have not been clearly established as
of yet. In particular, the seed layer thickness, orientation, and grain size have key roles on
the vertical growth of ZnO NWs. As known, ZnO preferentially crystallizes in a hexagonal
polar wurtzite structure [69]. The ZnO NW growth direction by CBD occurs predominantly
along the polar direction of the seed layer, which provides nucleation sites [66,67].

A possible explanation for the observed results may be proposed on a thermodynamic
basis, considering the processes driven by the minimization of the overall system energy.
In particular, the seed layer energy governs the nucleation process and subsequently
determines the density of ZnO NWs.
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In general, the energy of a particle is a function of the size, shape, stress, and external
environment [70]. In a NP, a significant number of atoms are localized at the surface [69].
The additional energetic term due to the high-energy under-coordinated atoms at the
surface is described as the surface free energy [71,72] and becomes increasingly larger
as particle size decreases. In addition, several surface defects [70,73,74] may be present,
especially when the particle size is very small [75], resulting in a further increase in the
particle free energy [76]. As such, due to their high energy, NPs typically show a higher
reactivity compared to bulk or micrometric particles [77,78]. As a result, a highly energetic
as-printed nanoparticulate seed layer can be especially chemically reactive for ZnO NW
nucleation. In addition, a NP seed alignment mechanism may be present during the CBD,
furthering contributing to the high NW density. As shown in Figure 2, the as-printed seed
layer was composed of near-spherical NPs having a wurtzite structure, as demonstrated
by Raman spectroscopy (see Figure S7 and Table S3). As with most thin polycrystalline
films, nanoparticulate printed layers are not textured [66,79], namely, a random nanocrystal
orientation is expected. In fact, in the gravure process, there is no particular force that
is able to induce a preferential nanoparticle alignment. The final NP arrangement is
determined by the strongly attractive lateral capillary forces among particles during solvent
evaporation [60,80]. On the other hand, the surface energy distribution of wurtzite-type
ZnO NPs is anisotropic and varies between crystallographic orientations [69,81]. Since
the NPs are roughly spherical, a large variety of crystallographic planes are presumably
exposed to the CBD process [82]. Among these, polar surfaces are extremely chemically
reactive [83,84] and have been found to be dominant surface nucleation sites for the growth
of ZnO NWs in a solution [66]. To this regard, it has been observed that a high seed
layer texture along the polar axis is necessary to obtain a high NW density [67,85,86].
Furthermore, high-density and well-orientated NWs (see Figure 4b) may support a heat-
triggered reorientation mechanism for random NPs during the early stages of the CBD [87].
This is possible as the NPs are stuck together by weak physical forces, where they can
consequently easily rotate due to the strong electrostatic interactions between charged
species (ions, particles, and embryonic dipoles) in the chemical bath, thus reducing the
high-energy polar surfaces of wurtzite by nucleation. For these reasons, the as-printed
nanoparticulate seed layer demonstrated here can offer a very high number of high-energy
nucleation sites (potentially each seed can become a NW, unless steric hindrance interferes).
This factor is responsible for the high NW density along the polar c-axis of the hexagonal
wurzite crystal (see Figure 4b). Moreover, due to the small sizes of the seeds, the NW
diameters were very small, which is typically a challenging result to achieve with most wet
chemical methods [88]. Qualitatively, from the SEM images (Figure 4a,b), the NWs grown
on the as-printed (non-sintered) layer are comparable in terms of diameter and verticality
to the ones grown on the ALD deposited layers.

On the contrary, in the case of a sintered printed sample, far more nucleation sites at
lower energy are exposed to the CBD process, resulting in a poor final NW density (see
Figure 4c). In fact, sintering is an interface elimination process that decreases the surface
area, this creating bonds between contacting particles [89,90]. The total free energy of the
system is reduced by replacing the high thermodynamic chemical potential of convex free
surfaces of the NPs into lower energy grain boundaries through NP merging. Furthermore,
during the densification, the grain boundaries migrate for further reduction of the total
free energy, thus resulting in a grain growth phenomenon [91]. Since the grain boundary
energy is anisotropic, a lower energy grain boundary tends to extend the most [91–94].
As such, the surfaces of the sintered seeds are mainly dominated by electrically neutral
planes [95], which are sites that are not suitable for NW nucleation. Furthermore, the grown
grains become trapped by the chemical bonds between grain boundaries. As a result, only
some grains with a polar surface available for growth can support nanowires. Such results
appear consistent with the observations regarding the decrease in NW density as the seed
layer grain size increases [96]. Nevertheless, a chemical sintering post-treatment could be
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investigated in future to induce potential bonding among seeds and between the seeds and
substrate, as well as for tuning the nanowire characteristics.

In some recently published articles, it can be found that surfactants like trisodium
citrate, ethylenediamine, poly(ethylene glycol), cetyltrimethylammonium bromide, and
sodium dodecyl sulphate are used as surfactants, whose role is to change the surface free
energy of the different ZnO crystal facets [97,98]; however, in this work, the role played by
the surfactants was complemented by the presence of the seed layer on the substrate.

It is also necessary to discuss the role played by the HMTA in the formation of the
ZnO NWs via a CBD process. Although the exact role of HMTA is still under debate, it
is believed that the reagent plays multiple roles in the formation of ZnO nanocrystals.
HMTA is hydrolyzed upon heating into formaldehyde and ammonia. The latter is further
protonated in water to produce OH- ions, thus increasing the solution pH. It was found
that the rate of decomposition of HMTA is dependent on the concentration of protons in
the solution and is independent to the precipitation of ZnO [99,100]. Consequently, it was
argued that HMTA fulfills the role of a pH buffer since the rate of hydrolysis is decreases
with an increased pH [101].

In more recent works, it has been shown that the crystal morphology is also strongly
influenced by the chemical precursor concentration. A better crystal stoichiometry data
have been obtained in the films deposited with larger amounts of HMTA in solution, thus
reducing the number of oxygen vacancies and interstitial zinc in the lattice [102].

Additionally, it is believed that HMTA inhibits the growth of nonpolar m-plane
sidewalls, thus favoring an anisotropic growth along the c-axis [103].

Piezoelectric Characterization

To explore the effectiveness of the gravure printing method compared to the ALD
process for growing ZnO seed layers on the flexible substrates, we carried out PFM measure-
ments on the ZnO (ALD)/ITO/Si and as-printed (not sintered) ZnO seed layer/ITO/PET
samples. The PFM is a widely used tool to study the polarity and the piezo-response
properties of piezoelectric thin films and NWs. In this work, the PFM was carried out
using the DataCube mode to study the polarities on the top surface of ZnO NWs by record-
ing the phase signals. The d33 piezoelectric coefficients were computed by analysing the
piezoelectric amplitudes as presented in Figure 5a–f.

Figure 5a,b show the topography in an area of 2 × 2 μm2 in a top-view of ZnO NWs
grown on ITO/Si and ITO/PET structures. At first view, we can see good uniformity
and an excellent hexagonal shape for the ZnO NWs as per the SEM results (Figure 4).
Besides, they have the same correlation regarding their diameter (between 53 and 210 nm)
and roughness parameters at the top end of ZnO (e.g., root mean square (Rq) values
are approximately 120 nm). Figure 5c,d show the PFM amplitudes for both samples
when an AC drive voltage of 5 V was applied. The mean amplitude values (μ) were
very similar (22.74 ± 8.49 pm and 20.96 ± 7.21 pm, as shown in Figure 6, for ITO/Si
and ITO/PET, respectively) according to the Gaussian fitting function for piezoelectric
amplitude distribution at the top surface of ZnO NWs. Based on these results, we estimated
the effective piezoelectric coefficients

(
de f f

33

)
to be 4.6 and 4.1 pm/V for the ZnO NWs

grown on ITO/Si and ITO/PET, respectively. It is important to highlight that both samples
presented almost the same de f f

33 values and they were inside the range of the previously
reported experimental results of 2–12 pm/V [104–108].
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(a) (b) (c) 

   
(d) (e) (f) 

Figure 5. PFM images of the (a,b) topography, (c,d) amplitude, and (e,f) phase of the ZnO NW growth on ZnO (ALD)/ITO/Si
(images lined up above) and as-printed (not sintered) ZnO seed layer/ITO/PET substrates (images lined up below).

 
(a) (b) 

Figure 6. Piezoelectric amplitude histograms of ZnO NW growth on (a) ZnO (ALD)/ITO/Si and (b) as-printed (not sintered)
ZnO seed layer/ITO/PET substrates. The red curve is the Gaussian fitting function.

On the other hand, the PFM measurements also provided results concerning the
piezoelectric phase as depicted in Figure 5e,f. Both results show a single-phase value of
around 75◦ (see Figure S3) throughout the top surface of ZnO NWs, thus demonstrating the
Zn surface polarity of the crystal structure [64]. Obtaining a homogeneous surface polarity
is very important at a device level, i.e., where NWs are typically integrated and placed
between electrodes [33]. If the NWs had shown negative and positive phase values in their
top surface, the induced negative and positive electrical charges would have cancelled out,
thus reducing the overall piezoelectric response at the device level.

4. Conclusions

In summary, our experimental results show that gravure printing is a promising
low-temperature ZnO seeding method, especially from the perspective of fabricating
flexible piezoelectric devices. Study of the printed seed layer morphology revealed that the
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nanoparticulate allowed a better growth of vertical ZnO NWs by CBD with respect to the
sintered one because the high-energy NPs provided a higher number of nucleation sites. To
explain the observed results, a possible reorientation mechanism of the ZnO nanoparticle
seeds was also proposed. PFM measurements of the NWs revealed (i) a Zn-phase polarity
with a very good homogeneity, which is essential to obtaining globally optimal piezoelectric
performance when integrated in devices, and (ii) an estimated piezoelectric coefficient
close to 4 pm/V, which is comparable to the NWs grown on Si/ITO substrate.

The mobility and flexibility of the whole structure, provided by the use of flexible
ZnO NWs, is expected to have a good impact on the device’s mechanical performance
and durability.

This work shows the way towards the fabrication of flexible piezoelectric transducers
based on ZnO nanowires. Fabrication is completely carried out by solution processes at a
low temperature.

Supplementary Materials: The following are available online at https://www.mdpi.com/2079-499
1/11/6/1430/s1, Figure S1: sweep of drive frequency value of AC bias signal for PFM amplitude and
phase values in different ranges of frequency; Figure S2: single frame of (a) amplitude and (b) phase
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Abstract: Flexible piezoelectric nanogenerators (PENGs) are very attractive for mechanical energy
harvesting due to their high potential for realizing self-powered sensors and low-power electronics.
In this paper, a PENG that is based on zinc oxide (ZnO) nanowires (NWs) is fabricated on flexible and
transparent Polydimethylsiloxane (PDMS) substrate. The ZnO NWs were deposited on two different
seed layer structures, i.e., gold (Au)/ZnO and tin-doped indium-oxide (ITO)/ZnO, using hydrother-
mal synthesis. Along with the structural and morphological analyses of ZnO NWs, the electrical
characterization was also investigated for ZnO NWs-based flexible PENGs. In order to evaluate the
suitability of the PENG device structure, the electrical output performance was studied. By applying
a periodic mechanical force of 3 N, the ZnO NWs-based flexible PENG generated a maximum root
mean square (RMS) voltage and average power of 2.7 V and 64 nW, respectively. Moreover, the
comparison between the fabricated device performances shows that a higher electrical output can
be obtained when ITO/ZnO seed layer structure is adopted. The proposed ZnO NWs-based PENG
structure can provide a flexible and cost-effective device for supplying portable electronics.

Keywords: ZnO nanowires; energy harvester; seed layer; flexible piezoelectric nanogenerator;
hydrothermal synthesis

1. Introduction

There has been a significant recent emphasis on mechanical energy harvesting for
scavenging wasted or freely available ambient energy to generate electricity. In this context,
piezoelectric nanogenerators (PENGs) are required to play a noteworthy role for long
lifetime and reliable power supply [1,2].

During the last decade, many research studies have been implemented about the
structural design, suitable material choices, understanding of the working mechanism,
modeling, and performance optimization of the PENGs. Until recently, PENGs have been
intensively developed and applied to harvest various forms of mechanical energies, starting
with human motions to environmental scavenging [3,4]. Further, the adoption of flexible
and stretchable PENGs has high research interest since it opens new opportunities for
the development of flexible and wearable electronics [5,6]. Moreover, low-cost flexible
substrates can be utilized for reducing production costs, which can make further progress
on the mechanical energy harvesting market in terms of shortening the energy payback
time. Besides low-cost flexible substrates, the use of low-cost materials is needed to obtain
low production costs. Furthermore, ZnO, as a piezoelectric material, is beneficial for low
cost as well as biosafety implementation, compared to lead-based PENGs [7].

ZnO is a promising material for a huge range of energy-saving applications, owing
to its attractive semiconducting and piezoelectric properties [7,8]. Many reports have
been already published on the physical properties of ZnO including nanorods (NRs) and
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nanowires (NWs) [9–14]. Ascribed to their remarkable properties, ZnO NWs have found
widespread use in the development of PENGs.

In this work, we focus on the fabrication and characterization of ZnO NWs-based
flexible PENGs with different seed layer structures. This report closely follows our previous
work on rigid PENGs in which we reported the integration of seed layer to fabricate ZnO
NWs-based rigid PENGs [11]. Herein, the growth of ZnO NWs using a low-temperature
hydrothermal synthesis is reported. Furthermore, Au/ZnO and ITO/ZnO seed layer struc-
tures have been employed for the growth of ZnO NWs. Hence, in the present investigation,
a proper and sincere attempt is made to understand the development of PENGs from the
synthesis of ZnO NWs on flexible substrate right through to the design and fabrication of
flexible PENG devices. The preparation of flexible substrates and the fabrication process of
flexible PENGs are explained in detail in the Experimental Section.

2. Experimental

2.1. Flexible Substrate Preparation

Previous work from our group has already reported on the fabrication of PENGs by
Dahiya et al. [15]. Originally, the PENGs were fabricated on a PDMS layer coated on a
silicon substrate for easy handling during the fabrication steps. The PENGs were then
released by peeling off the final devices from the Si substrate. However, Boubenia et al. [16]
reported a decrease in the PENGs electrical performances after the peeling-off step of the
device from the silicon substrate. The peeling-off step appears to introduce cracks and
constraints in the metal layer electrode that could influence its durability and electrical
performances; thus, this could lead to a decrease in the device lifetime.

Therefore, in this paper, we present a new process for PDMS substrate fabrication that
helps to keep the PENGs’ integrity before electrical measurements. The present proposed
PENG process is different, compared with the previous device protocols [15–17]. Here,
the complete PENG device was not lifted off from the rigid substrate, but only the PDMS
layer was peeled off before starting the fabrication steps of the device. To avoid peeling
off the entire PENG from the substrate, the PDMS film was only attached by its edges to a
rigid frame. To do so, as described in Figure 1a, a rigid PET frame was placed on a plane
PET surface. Then, a degassed mixture of elastomer and curing agent (10:1) forming liquid
PDMS was spin-coated on the PET setup at 500 rpm for 15 s and then heated on a hot
plate at 100 ◦C for 45 min. While curing, the PDMS was attached to the first PET frame;
afterward, both elements were peeled off from the plane PET surface, freeing the PDMS
surface (Figure 1b).

 

Figure 1. (a) Schematic illustration of PDMS substrate fabrication steps and (b) photograph of the PDMS substrate attached
to the frame.

2.2. Bottom Electrode-Seed Layers Preparation (ITO/ZnO, Ti/Au/ZnO) and Growth of the
ZnO Nanowires

In this study, two different bottom electrodes, i.e., Ti/Au and ITO, were deposited
on the top of the PDMS substrate. The first electrode, Ti/Au (50 nm/100 nm), was DC
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sputtered at room temperature as follows: power of 500 W and pressure of 5 mTorr under
argon atmosphere.

The second type of electrode consisted of coating the PDMS substrate with an ITO layer.
In order to avoid cracks on its surface and ensure good conductivity, the ITO deposition
protocol was based on the report of Lien et al. [18] and Casper et al. [19]. Therefore, a 400 nm
thick layer of ITO was radio frequency (RF) sputtered at room temperature in two steps, as
described in Table 1. The first thin ITO layer was sputtered at lower power to avoid any
deformation of the PDMS substrate, which could impact the electrical integrity of ITO
afterward. Once the PDMS substrate was prepared to receive the rest of the ITO layer, the
second deposition step was performed at 65 W.

Table 1. ITO sputtering conditions.

Step Pressure Gas Flow Power Deposition Time Thickness

1 5 mTorr O2:Ar (1:1) 50 W 5 min ≈20 nm
2 5 mTorr Ar 65 W 58 min 380 nm

At last, on both electrode surfaces, a thin ZnO seed layer (100 nm) was deposited
using RF sputtering. Specifically, the sputter power was 65 W, and the chamber pressure
was 5 mTorr under Ar ambient. Therefore, to control the crystallinity and the morphology
of ZnO NWs, the ZnO seed layer is required [20–22]. For the hydrothermal growth of ZnO
NWs, the complete procedure was previously described in detail by Tlemcani et al. [10].

2.3. Fabrication of PENG Device

Figure 2 illustrates the fabrication process steps of the PENG device. ZnO NWs were
synthesized on the PDMS substrate using the hydrothermal method, as shown in Figure 2a.
Then, a parylene-C polymer matrix was deposited on the grown ZnO NWs by vapor phase
pyrolysis technique following the Gorham steps [23], as seen in Figure 2b. In order to insu-
late the ZnO NWs from each other and create a capacitive coupling between the NWs and
the top electrode, the parylene-C layer needed to be infiltrated into the sample [11,24,25].

Figure 2. Fabrication steps of flexible PENG: (a) hydrothermal growth of ZnO NWs, (b) parylene-C deposition, (c) top
electrode deposition, and (d) wires connection.

Then, the surface of the parylene-C was masked to deposit a 1.2 cm2 Ti/Al (100 nm/
400 nm) layer by evaporation (Figure 2c).

An example of cross-sectional scanning electron microscopy (SEM) images of the
PENG can be seen in Figure 3. It clearly shows the good infiltration of parylene-C between
the ZnO NWs.

Finally, the silver conductive adhesive paste was used to connect copper wires to
the top and the bottom electrodes of the harvester (Figure 2d), and the whole PENG was
encapsulated in PDMS to protect the devices from external factors and to improve their
durability during the electrical analyses. Once the entire PENG fabrication was completed,
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the PET frame was removed to allow flexibility. The visual aspect of the PENGs is shown
in Figure 4.

Figure 3. Cross-sectional SEM images of PENG at (a) 15,000× and (b) 30,000× magnifications.

Figure 4. Photograph of PENGs devices made from ZnO NWs deposited on (a) Au/ZnO and
(b) ITO/ZnO seed layer structures.

2.4. Characterization Techniques

The crystal structure of ZnO NWs was examined using X-ray diffraction (XRD, Brucker
AXS D8 discover) operated with CuKα radiation. The surface morphology was observed
using scanning electron microscopy (SEM, JEOL JSM-7900F). The extraction of the mor-
phological parameters was conducted using Image J software on SEM images [10]. The
electrical measurements were performed using the test bench designed and described in
detail by our team [17], as shown in Figure 5.

 

Figure 5. Test bench for PENG performance measurement.

The PENG was being solicited using the aluminum mechanical shaker, which im-
pacted its active surface area (1 cm2). The device was also connected to a double-buffer
circuit comprising a differential amplifier, which measured the output performances with-
out making any parasitic bias and allowed us to use a resistive load higher than the input
impedance of the oscilloscope [26].
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3. Results and Discussion

Figure 6 shows the XRD spectra of ZnO NWs deposited on Au/ZnO and ITO/ZnO
seed layer structures, exhibiting the main diffraction peak of hexagonal würtzite ZnO
structure (JCPDS Card No. 05-0664), without detection of any impurity phase. Therefore,
ZnO NWs grown by hydrothermal technique led to a pure-phase material. The entire
samples exhibit a strong peak at 34.4◦ corresponding to the lattice plane (0002) of würtzite
ZnO structure, confirming that the NWs grew predominantly along the [0001] direction.

 

Figure 6. XRD 3D spectra of the ZnO NWs deposited on Au/ZnO and ITO/ZnO seed layer structures.

Additionally, it can be observed that the XRD pattern of ZnO NWs deposited on
Au/ZnO presents the highest intensity of the (0002) peak, which is attributed to the
improvement in the crystallinity of the NWs. Additionally, XRD patterns show a (0002)
peak splitting for both samples. This can be related to the large lattice mismatch between
seed layers and NWs, as detailed in our previous report [10].

Top and cross-sectional views of SEM micrographs of ZnO NWs deposited on the
two seed layers are shown in Figure 7. It is obviously observed that the alignment and
morphology of the NWs are strongly influenced by the seed layer types. Moreover, the SEM
micrographs show that the ZnO NWs deposited on Au/ZnO seed layer structure have a
much better alignment (Figure 7a) with a perpendicular orientation to the substrate surface,
whereas the ZnO NWs deposited on ITO/ZnO seed layer structure are randomly oriented.

This result is consistent with the XRD patterns, shown in Figure 6, in which it was
seen that the NWs deposited on Au/ZnO seed layer structure showed better crystallinity
than those on the ITO/ZnO one. If the seed layer is a crucial structure for the preparation of
high-quality ZnO NWs, it is also known that catalysts such as Cu, Ag, and Au integrated on
the ZnO seed layer enhance the growth quality of ZnO NWs [27,28]. All these results are in
good accordance with our previous studies [10,11] and validate the fact that the seed layer
structure has an important influence on the structural and morphological characteristics of
the resulting ZnO NWs. Additionally, Table 2 shows the morphological characteristics of
ZnO NWs deposited on different seed layer structures. It can be noticed that the length of
the NWs with ITO/ZnO seed layer structure is larger than those with Au/ZnO one. As a
general observation, the morphological values of the NWs, particularly the density and
diameter related to the two types of seed layer structures, are quite similar to each other.

The NWs grown on different seed layer structures have been used to realize PENGs, as
described in Section 2.2. Those PENGs have been characterized by applying an alternative
mechanical excitation with a magnitude of 3 N at a frequency of 5 Hz. The resistive load is
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connected at the output of the PENGs to emulate the current consumption of an external
circuit, and this resistive load has been varied from 100 kΩ to 100 MΩ. Furthermore, the
voltage at the resistive load is measured using an oscilloscope through the double buffer
circuit [26]. Figure 8 shows the measured voltage at the output of the PENGs for two values
of the resistive load, 100 kΩ (Figure 8a) and 100 MΩ (Figure 8b). It is clear that the resistive
load value strongly affects the output voltage. We note that the curves are quite similar
for both samples while, in each case, the voltage magnitude is in the mV range for 100 kΩ,
and in the V range for 100 MΩ.

 

Figure 7. Top and cross-sectional views of SEM micrographs of ZnO NWs deposited on (a) Au/ZnO
and (b) ITO/ZnO seed layer structures.

Table 2. Morphological characteristics of ZnO NWs deposited on Au/ZnO and ITO/ZnO seed
layer structures.

Seed Layer
Structure

NWs Length
(μm)

NWs Diameter
(μm)

Density
(NWs/μm2)

NWs Aspect
Ratio

Au/ZnO 0.59 ± 0.15 0.07 ± 0.01 39.2 ± 0.3 9
ITO/ZnO 0.70 ± 0.17 0.07 ± 0.02 41.4 ± 0.2 10

  
(a) (b) 

Figure 8. Voltage amplitude of the fabricated PENGs with different seed layer structures at a load resistance of (a) 100 kΩ
and (b) 100 MΩ, when applying an alternative mechanical excitation with a magnitude of 3 N at a frequency of 5 Hz.
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Using the output voltage curves, the average electrical power was computed as a
function of the load resistance, as reported in Figure 9 [26]. The root mean square (RMS)
output voltage and the average power increase when the resistive load increases and the
curves do not present a maximum on this range of resistive load, as generally observed,
indicating that the optimal load can be certainly higher than 100 MΩ. In this case, the PENG
can be used in two ways, either to charge a capacitor [29] or as an energy-autonomous
wearable sensor [30].

  

(a) (b) 

Figure 9. RMS output voltage (a) and average power (b) generated by PENGs with different seed layer structures. Measured
RMS voltage and average power for a load resistance ranging from 100 kΩ to 100 MΩ, when applying an alternative
mechanical excitation with a magnitude of 3 N at a frequency of 5 Hz.

The sample with the ITO/ZnO seed layer structure shows a maximum average power
and RMS voltage of 64 nW and 2.7 V, respectively, which are higher than the values of
the sample with Au/ZnO seed layer. The relatively low performance of the PENG device
with Au layer (metal electrode) may be attributed to the interface adhesion deterioration,
leading to possible delamination, wrinkling, or even cracking of the stacked film layers
caused by the applied mechanical stress. It is important to note that the adherence of
metal electrodes to PDMS substrate is usually poor [31]. Furthermore, among materials
generally used in electronics devices, a thin metal layer is one of the weakest parts against
mechanical stress and has a potential problem of cracking when stressed because of the
degradation of its morphological and electrical properties during repeated mechanical
excitation [32–35]. This could result in bad electrical charge transfer and increase the
electrical losses, preventing the metal layer from being a functional bottom electrode.
Moreover, the difference in the PENG performances might be explained by the different
morphological characteristics of ZnO NWs. Actually, when comparing the aspect ratio,
determined by the ratio of length over diameter (Table 2), the NWs deposited on Au/ZnO
exhibited the lowest value with 9, compared to a ratio of 10 for NWs deposited on the
ITO/ZnO seed layer. This reveals that the better uniformity obtained for NWs deposited
on Au/ZnO has also promoted a decrease of their aspect ratio, which is needed to be high
enough to afford large deformation of the NWs and to achieve efficient electromechanical
energy conversion [36]. The electrical performances such as maximum peak instantaneous
voltage (Vpeak), maximum RMS voltage (VRMS) max, maximum RMS short circuit current
(Isc), and maximum average power (Pav) max of both samples, deduced from Figure 9a,b,
are summarized in Table 3. In this table, the electrical energy (W = Pav/ f ) generated by
each PENG is also indicated, where f is the frequency value of the applied mechanical force
(here f = 5 Hz).
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Table 3. PENG device performances for various seed layer structures: Vpeak, VRMS (max), Isc (RMS),
Pav (max), energy during one period of mechanical input force (W), and corresponding optimal load
(Ropt), when applying an alternative mechanical excitation with a magnitude of 3 N at a frequency
of 5 Hz.

Seed Layer
Structure

Vpeak (V) VRMS (max) (V)
Isc (RMS)

(nA)
Pav (max)

(nW)
W (nJ) Ropt (MΩ)

Au/ZnO 3.9 1.8 15 29 5.8 >100
ITO/ZnO 6.8 2.7 28 64 12.8 >100

To obtain a further insight into the performances of ZnO NWs-based PENGs, Table 4
shows a comparison of the obtained PENG device performances with our previously
reported values and some of the interesting studies available in the literature. These reports
have been devoted to the fabrication of PENG devices on a rigid silicon substrate via
Au/ZnO seed layer (Vpeak of 0.27 V) [11], flexible PDMS substrate via Au/ZnO seed layer
(Vpeak of 9.1 V [17], Vpeak of 2.03 V [37]), and flexible PDMS substrate using ITO/ZnO
seed layer (Vpeak of 8 V [38]). It is evident from Table 4 that the value of the applied
stress (mechanical loading) was not always mentioned, which is essential to compare the
characteristics among the PENG devices. A notable performance has been achieved by
Dahiya et al. for flexible devices. However, it can be readily observed that the mechanical
stress (13 N) was four times higher, compared with the present study. Additionally, the
proposed flexible PENG employs a transparent ITO electrode layer. Further comparisons
with the state-of-the-art performances for ZnO NWs-based PENG devices are not easy due
to the lack of a standardized testing protocol as well as insufficient information available
regarding the experimental protocol in the literature.

Table 4. Comparison of the characteristics of ZnO NWs-based PENG devices fabricated on different
substrates and seed layers.

Substrate
Seed Layer
Structure

Vpeak (V)
Mechanical

Loading: Force (N)
Device

Dimensions (cm2)
Ref.

Silicon Au/ZnO 0.27 3 1.2 [11]
PDMS Au/ZnO 9.1 13 1.2 [17]
PDMS Au/ZnO 2.03 N/A 1 [37]
PDMS ITO/ZnO 8 N/A 1.5 [38]
PDMS ITO/ZnO 6.8 3 1.2 This work

Consequently, the difference between the performances of flexible and rigid devices
might be related to several factors. An explanation is that the transition from a rigid to a
flexible substrate can probably modify the way in which the NWs are constrained, and
the distribution of the forces can be more three-dimensional than only along one direction
(vertical) [39].

Overall, the presently proposed ZnO NWs-based flexible PENGs have shown quite
interesting performances. Further thorough investigations when varying the thickness
of both the seed layer structure and the PDMS substrate, and/or adoption of aluminum-
doped ZnO (AZO) instead of ZnO seed layer could further increase the device performance
levels.

4. Conclusions

In summary, flexible PENGs based on ZnO NWs have been fabricated employing
Au/ZnO and ITO/ZnO seed layer structures. This approach involves a new protocol for
the preparation of PDMS substrate with an original design of functional flexible PENG
devices. These devices are based on the deposition of ZnO NWs on PDMS substrate using
different seed layer structures exhibiting high crystallinity, good flexibility, and promising
electrical properties. The fabricated devices with ITO/ZnO seed layer structure showed
twofold higher average power than those with the Au/ZnO one. This suggests that it is

84



Nanomaterials 2021, 11, 1433

possible to employ transparent and cost-effective ITO electrodes to fabricate energy-efficient
flexible PENG devices. However, though this study presents a new way to fabricate flexible
PENGs, exhibiting a promising prospect for transparent flexible devices, further progresses
and challenges are still needed to improve the substrate flexibility, fabrication process, and
electrical performances.
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Abstract: A novel and advanced approach of growing zinc oxide nanowires (ZnO NWs) directly
on single-walled carbon nanotubes (SWCNTs) and graphene (Gr) surfaces has been demonstrated
through the successful formation of 1D–1D and 1D–2D heterostructure interfaces. The direct two-step
chemical vapor deposition (CVD) method was utilized to ensure high-quality materials’ synthesis
and scalable production of different architectures. Iron-based universal compound molecular ink
was used as a catalyst in both processes (a) to form a monolayer of horizontally defined networks
of SWCNTs interfaced with vertically oriented ZnO NWs and (b) to grow densely packed ZnO
NWs directly on a graphene surface. We show here that our universal compound molecular ink is
efficient and selective in the direct synthesis of ZnO NWs/CNTs and ZnO NWs/Gr heterostructures.
Heterostructures were also selectively patterned through different fabrication techniques and grown
in predefined locations, demonstrating an ability to control materials’ placement and morphology.
Several characterization tools were employed to interrogate the prepared heterostructures. ZnO NWs
were shown to grow uniformly over the network of SWCNTs, and much denser packed vertically
oriented ZnO NWs were produced on graphene thin films. Such heterostructures can be used widely
in many potential applications, such as photocatalysts, supercapacitors, solar cells, piezoelectric or
thermal actuators, as well as chemical or biological sensors.

Keywords: carbon nanotubes; zinc oxide nanowires; graphene; heterostructure interfaces; chemical
vapor deposition; direct-write patterning

1. Introduction

Perpetually evolving technology requires novel materials and architecture designs to
keep up with the growing, industry-driven demand towards miniaturization [1]. Nanoscale
materials have been suggested as attractive alternatives to traditional materials because
of their unique properties, which are consequential to their low dimensionality, that can
be engineered to satisfy the needs of the next generation of applications. Specifically, 1D
nanostructures have been intensely studied because they could be manufactured with
targeted morphological characteristics and unique physical and electronic properties,
mechanical strength, optical sensitivity, etc. [2,3]. Nanomaterials play an essential role
in developing life-saving therapeutics due to selective antibiotic [4,5] and anti-cancer
[4,6–11] properties, in addition to their potential for promising therapies for challenging
pathological conditions [12–14].

For instance, 1D CNTs have drawn much attention for their high aspect ratio, large
surface area, and selective electrical properties making them ideal for scaffolds, functional-
ization with biomolecules, and electrode connections in devices [15–19]. SWCNTs’ electrical
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properties can be selectively developed as either semiconducting or metallic, suggesting an
ability to tailor them to targeted applications. Since all CNTs produced in our study were
single-walled carbon nanotubes, we used an abbreviation CNTs to describe SWCNTs from
this point forward unless otherwise specified. ZnO NWs are the example of another 1D
nanomaterial that has been proposed for applications in optoelectronics, photocatalysis,
and charge collection and transport at heterojunctions due to their unique optical, electrical,
and piezoelectric properties [20–25]. ZnO is a wide bandgap semiconductor (~3.37 eV)
with high exciton binding energy (~60 meV) that has also been shown to exhibit biocom-
patibility and low cytotoxicity [26,27], which makes it an excellent companion to 1D carbon
nanotubes and even 2D graphene.

Many reported studies have investigated the unique properties of specific nanoma-
terials and have explored their myriad useful applications. However, fewer studies have
focused on developing scalable methods for engineering heterostructures and interfaces
with different nanomaterials to complement each other synergistically.

The flexibility, optical transparency, and electrical properties of 2D atomically thin
graphene have generated interest in its use in photonics, transistors, and applications in
energy production and storage [28] making it a valuable material to investigate for devices.

Preparing interfaces between two or more nanomaterials provides opportunities to
harness properties inherent to each material and synergistically combine them to cre-
ate a broader range of applications. Hybrid structures assembled from CNTs and ZnO
NWs [20,29] and graphene and ZnO NWs [30–37] have been examined and shown promis-
ing results of the enhancement of their native properties when two materials are integrally
combined. In a recent study, researchers have reported high-performance supercapacitor
electrodes (~192 F/g capacitance) manufactured using hybrid structures of ZnO NWs
on aligned MWCNTs [38]. Another study has shown that ZnO attached to MWCNTs
can be useful for ultrafast nonlinear optical switching [17]. Investigations into hybrid
systems containing CNTs and zinc oxide also include ZnO nanoparticles (NPs) beaded
on CNTs [17], ZnO NPs dispersed in scaffolds containing CNTs [26], and ZnO nanorods
grown on bundles of buckled multi-walled carbon nanotubes (MWCNTs) [29].

The heterostructure formed between graphene and ZnO NWs has also been a motiva-
tion for researchers. Previous studies have reported ZnO NWs grown on graphene via a
solution-based hydrothermal method and have shown that graphene can be beneficial to
the growth of ZnO NWs and can enhance their field electron emission [30]. At the same
time, hybrid systems made of Gr/ZnO or graphene oxide/ZnO structures have also been
shown to operate as hydrogen sensors [31], strain sensors [32], and for the photoinactiva-
tion of bacteria [33] effectively. Hybrid materials in these studies were formed through
hydrothermal growth or proximity placement methods; we found that the piezoelectric,
photoactive, and antibacterial properties of 1D ZnO NWs combine well with the conductive,
transparent 2D support structure of the graphene sheet. This makes hybrid ZnO NWs/Gr
structures a promising nanomaterial for use in sensors [31,32], photovoltaic cells [34], and
energy storage [35].

With respect to the methodologies of producing hybrid ZnO NWs/CNTs systems,
MWCNTs have been successfully implemented. For example, in the study by Ok et al.,
ZnO NWs were produced on the surface of vertically aligned MWCNT forests, exhibiting
enhanced electrical responses while remaining mechanically robust [20]. The authors’
method consisted in growing a vertically aligned MWCNT forest via CVD at 775 ◦C,
followed by the growth of ZnO NWs on the outer surfaces of these tube clusters in a
subsequent thermal evaporative method at ~420 ◦C. In their process, the entire MWCNTs
forest was encapsulated in ZnO NWs, creating a structure with a MWCNT core and
ZnO NW outer shell. They found that the intimate contact between the photoactive,
semiconducting ZnO NWs with the conductive CNTs produced a rapid photoelectric
response. Due to the unique organization of the MWCNT forest with overlying ZnO NWs,
the materials have been shown to have anisotropic electrical conductivity. Another group
produced horizontally aligned buckled MWCNTs forests through pyrolysis followed by
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CVD growth of ZnO NWs on the sidewalls of these structures. They have shown the
material to have Schottky-like behavior and p-type conductivity, which allows it to be used
in applications of ultraviolet detectors, high current p-type field-effect transistors, and other
multifunctional devices [29]. Despite these promising results, methodologies combining
low-temperature ZnO NW synthesis, such as hydrothermal growth (70–200 ◦C), require
extended growth periods (12–48 h) and do not produce high-quality crystal structures
capable through CVD [37,39]. Additionally, the use of MWCNT bundles limits one’s control
over the electrical properties of the material unlike the use of SWCNTs, which allow greater
flexibility for being tailored to either semiconductive or metallic performance.

There has also been considerable interest in developing hybrid structures of graphene
and ZnO in various forms. Researchers have been successful in developing methods such
as transferring as-grown ZnO NWs onto graphene [34], growing ZnO nanorods directly
on graphene via a hydrothermal process [30,35], or even electrophoretic deposition of
graphene oxide within ZnO NWs [33], among other methods [40]. Although effective in
creating heterostructures, and some even at lower temperatures, these methods did not
produce high-quality materials and are time-consuming (involve many more steps) unlike
those observed with CVD.

In this study, we have presented a novel approach to demonstrate a selective, scal-
able two-step CVD method of growing high-quality heterostructure interfaces of ZnO
NWs/SWCNTs and ZnO NWs/Gr. Our bottom-up synthesis approach produces nanoma-
terials with highly organized crystal structures. Here, for the first time, we developed a
method of producing ZnO NWs uniformly on a flat network of CNTs in a two-step CVD
process using our universal catalytic Fe ink to catalyze both materials. This creates an
interface between the semiconducting ZnO NWs and the underlying network of semi-
conducting CNTs, which would provide future opportunities to engineer more complex
architectures based on the properties of both materials given the ability to control electrical
properties of the base layer, which consists of carbon nanostructures, by adjusting the
expression of CNT characteristics.

Additionally, we realized a two-step CVD procedure whereby ZnO NWs are grown
directly on top of CVD-grown graphene. Dense ZnO NW forests were grown on the
surface of graphene, covering the entire area of the conductive 2D sheet with semicon-
ducting ZnO NWs. This process is efficient and scalable, producing high-quality ZnO
NWs/Gr interfaces with desirable morphologies, exploiting unique surface characteristics
or graphene, its atomic flatness and significant hydrophobicity, thus enabling to tune the
resulting morphology of the ZnO NWs/Gr system.

Finally, we showed that our catalytic ink precursor allows for selective heterostructure
growth in predetermined areas demonstrated with our novel direct-write patterning (DWP)
approach. The ability to create intimate interfaces between these unique materials provides
platforms for generating an opportunity for the two or more materials to complement one
another’s physical and electrical properties or mechanical and thermal performance.

2. Materials and Methods

2.1. Materials

Iron (III) nitride nonahydrate (Fe(NO3)3·9H2O) (Sigma-Aldrich, St. Louis, MO,
USA, 99.99% purity), N,N-dimethylformamide (Sigma-Aldrich, St. Louis, MO, USA,
≥99% purity), and glycerol (Sigma-Aldrich, St. Louis, MO, USA, ≥99.0% purity) were
used as solvents in the custom composite iron-based (CCFe) ink. Graphite (Alfa Aesar,
Haverhill, MA, USA, 99.999% purity) was mixed with ZnO powder (Alfa Aesar, Haver-
hill, MA, USA, 99.999% purity) in equal proportion (35 mg each) and used as ZnO/C
source precursors during the growth process. Copper (Cu) foil (Alfa Aesar, Haverhill, MA,
USA, 99.8% purity and thickness of 0.025 mm) was used as the catalyzing substrate for
Gr synthesis. Si/SiO2 wafers (UniversityWafer, South Boston, MA, P/B, (100), resistiv-
ity: 1–5 mΩ·cm) with a 285 nm wet thermal oxide layer were cut into pieces measuring
5 × 5 cm2 and used as growth substrates in this study.
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2.2. Direct-Write Patterning (DWP) Method

DWP was utilized for delivering catalytic ink directly into etched-in features. This was
performed with a custom-built instrument equipped with three piezo-driven stages which
aid precise XYZ manipulation/positioning [37]. Additionally, atomic force microscopy
(AFM) cantilevers outfitted with multiple tips (12 pens) and custom ink reservoirs were
utilized during patterning (cantilevers and ink reservoirs purchased from Advanced Cre-
ative Solutions Technology LLC, Des Plaines, IL, USA). A stock “master solution” (MS)
was created by dissolving 2.8 mg of iron (III) nitride nonahydrate in 12 mL of deionized
(DI) water (18.2 M·Ω cm) and sonicated for 10 min (BRANSON, Model # 2800, 40 kHz).
To prepare the CCFe ink, the master stock solution was further diluted in solvents such
as N,N-dimethylformamide (DMF) and glycerol at parts per volume ratio as follows:
6MS/3DI/2DMF/1Glycerol. Mixed CCFe precursor ink was used throughout the study
either for dip coating and direct-write patterning [41].

2.3. CVD Synthesis Methods
2.3.1. CVD Synthesis of CNTs

A catalytic CVD method modified from previously established protocols [41] was
modified and optimized to grow dense, randomly oriented SWCNT networks. The CVD
system equipped with a three-zone furnace (Thermo Scientific Lindberg/Blue M, Waltham,
MA, USA), a quartz tube (6 ft L; ID, 22 mm; OD, 25 mm) (Technical Glass Products,
Painesville, OH, USA), and a digital mass flow controller (Sierra Instrument, Monterey, CA.
USA) was used in all the experiments. The substrates were cleaned in DI water, acetone, and
isopropanol by 10-min sonication (BRANSON, Model #2800, 40 kHz). They were further
processed in a UV ozone system for 2 min (Novascan PSD Pro Series Digital UV Ozone
System, Boone, IA, USA) to increase hydrophilicity immediately prior to coating with the
CCFe ink (see Section 2.1). Several SiO2/Si samples dip-coated in the CCFe ink were placed
in a 5-inch quartz boat (Technical Glass Products). CVD growth of CNTs was performed
under the following conditions: first, the system was purged with ultrahigh-purity Ar
(500 sccm) for 10 min at 25 ◦C. The temperature was then increased to 365 ◦C under Ar/H2
(300/150 sccm), and the samples were preconditioned for 65 min. H2 gas (500 sccm) alone
was run for 10 min at 900 ◦C before growth. A mix of H2/Ar/CH4 (140/60/900 sccm) was
used during the growth for 17–20 min. The furnace was then cooled under the protection
of H2/Ar (100/200 sccm).

2.3.2. CVD Synthesis of ZnO NWs

For CVD growth of ZnO NWs, an additional, smaller quartz tube with one end closed
(L, 600 mm; ID, 16 mm; OD, 18 mm) (Technical Glass Products, Painesville, OH, USA)
contained the ZnO/C precursor and samples. The precursor was placed in a small quartz
boat (L, 20 mm; W, 10 mm; H, 8 mm) (Technical Glass Products, Painesville, OH, USA)
at the closed end of the quartz tube in a ratio of 35 mg/35 mg (m/m) (graphite/ZnO).
The samples were placed near the open end of the tube, approximately 3–5 cm from the
opening. The small-diameter quartz tube was placed inside of the CVD with the open
end facing the gas inlet and positioned such that the ZnO/C precursor was located within
the 930 ◦C zone of the furnace, while the samples were located within the 270 ◦C zone.
The CVD growth procedure for ZnO NWs was modified from previously established
CVD protocols [37,39]. It involved purging with Ar (600 sccm) at 25 ◦C, increasing the
temperature under Ar (70 sccm) to 930 ◦C, at which point ZnO NWs growth occurred over
100 min in an Ar (150 sccm) atmosphere. The furnace was cooled under the protection of
Ar (150 sccm).

2.3.3. CVD Synthesis of Graphene

A modified CVD method was employed to grow few-layer graphene using a previ-
ously established procedure [42]. Pieces of Cu foils were cleaned, annealed in a hydrogen
rich environment at 550 ◦C for 60 min, and used as substrates. Prior to growth, the system
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was purged with argon/hydrogen (Ar/H2) gases in a ratio of 450/50 sccm. Methane was
used as the carbon source (20 sccm) to grow graphene sheets atop the prepared Cu foil
substrates during the growth. High CVD temperatures (970 ◦C) were utilized to achieve a
uniform and high-quality product. After 10 min of growth time, the CVD furnace cooled
naturally under Ar/H2 protection. A commonly used wet transfer method was employed
to transfer graphene to a precleaned SiO2/Si substrate. More details can be found in the
Supplementary Materials.

2.4. Measurements and Characterization Tools

In this study, various characterization methods were used to characterize the samples,
including scanning electron microscopy (SEM; FEI Inspect F50, Lausanne, Switzerland),
atomic force microscopy (AFM; Park NX 10, Suwon, Korea), Raman spectroscopy (Ren-
ishaw, InVia, 532 nm, 100× objective, Wotton-under-Edge, Gloucestershire, England), X-ray
photoelectron spectroscopy (XPS; PHI 5000 Versa Probe-II, Lafayette, LA, USA), energy-
dispersive spectroscopy (EDS; JEOL JSM-7001 LVF Field Emission SEM), photoluminescent
spectroscopy (PL; Nanolog spectrofluorometer, Horiba, Kyoto-shi, Japan), high-resolution
transmission electron microscopy (HRTEM; JEOL JEM-2000 FX TEM, 200 kV; JEOL 2100F
STEM, 200 kV; Peabody, MA, USA)

3. Results and Discussion

CVD syntheses of CNTs, ZnO NWs, and graphene, individually, are well-studied
processes. However, the growth of these materials as heterostructures in consecutive CVD
cycles has very few supporting studies despite being a preferred methodology due to higher
quality of produced nanostructures, control and selectivity of the products, and overall
scalability of the method. Earlier reported studies have shown that Au-catalyzed vapor–
liquid–solid (VLS) growth of ZnO NWs on top of CNTs compromises CNT structure [20],
and proximity placement of graphene can be a complicated process that limits placement
selectivity [34].

Here, we developed novel procedures that allow for a streamlined direct two-step
CVD process to grow either ZnO NWs/CNTs or ZnO NWs/Gr heterostructures in a
controlled manner; and we showed that the integrity of an individual nanomaterial is
maintained in each heterostructured assembly which has hardly any precedents in the
field.

Figure 1 depicts a schematic of the flow process and the sequential steps to produce
high-quality heterostructures of ZnO NWs/CNTs and ZnO NWs/Gr. First, a dense network
of horizontally oriented CNTs (Figure 1a(i–iii)) or few-layer graphene (Figure 1b(i–iv)) were
prepared via CVD as shown. While CNT networks were prepared on a SiO2/Si substrate
using our CCFe ink as a catalyst, graphene was prepared on Cu foil, which also acts as a
catalyst. Complete CVD protocols can be found in Figure S6 (Supplementary Materials).

Our universal CCFe molecular ink deposited on the substrates catalyzes both CNTs
and, subsequently, ZnO NWs, which is unique to our developed process, and is reported
here for the first time. The advantage of the CCFe ink is that it can be effectively used for
either dip-coating samples or selectively patterning regions of interest prior to growth,
hence enabling a much more simplified and universal method for producing a desirable
heterostructure interface. The CCFe ink is preferable to water-based inks as the low vapor
pressure of DMF allows a better wetting of the substrate surface [41]. Likewise, this ink does
not exhibit humidity-dependent constraints during DWP, which are commonly experienced
with water-based inks. After CNT growth, the samples did not require recoating with
catalytic ink for ZnO NW growth since our CCFe ink effectively catalyzes both materials,
CNTs and ZnO NWs. CNTs were synthesized prior to ZnO NWs because the reduction
process under H2 during the CNT synthesis could etch ZnO NW introducing impurities
and sometimes detrimental vacancies, compromising ZnO NWs [20]. Graphene, on the
other hand, once it is grown on Cu foil, could be transferred to a variety of substrates, both
rigid and flexible, providing great versatility in applications. To produce ZnO NWs/Gr

91



Nanomaterials 2021, 11, 1836

heterostructures, graphene must be coated with CCFe prior to ZnO NW growth to serve as
a catalyst (Figure 1c(ii)). It is important to note that the graphene surface is not modified
by UV ozone before dip coating as this could damage graphene or introduce defects.

 

Figure 1. A schematic illustration of the process to grow ZnO NWs/CNTs and ZnO NWs/Gr heterostructures on SiO2/Si
substrates. (a) CNT growth including (i) dip coating in the catalytic CCFe ink precursor, (ii) CVD synthesis of CNTs, and
(iii) a representative CNT sample. (b) Graphene growth on (i) Cu foil via (ii) CVD and subsequent transfer of graphene
from (iii) the Cu substrate to (iv) SiO2/Si. (c) Heterostructure growth beginning with (i) a CNT sample and (ii) a graphene
sample dip-coated in the CCFe ink followed by (iii) CVD synthesis of ZnO NWs using the double-tube method, resulting in
(iv) ZnO NWs/ CNTs and (v) ZnO NWs/Gr heterostructures.

The growth of both ZnO NWs/CNTs (Figure 1c(iv)) and ZnO NWs/Gr (Figure 1c(v))
heterostructures utilized the same unique (customized) ZnO NW CVD recipe modified
from our previous studies [37,39]. The ZnO NW growth process consists of a double-tube
arrangement where the open end of the inner tube faces the gas inlet. In our process, the
inner tube allowed Zn2+ and O2 vapors to achieve regional saturation at the open end of the
tube where the samples were placed. Unlike some studies, our procedure did not require
low pressures or furnace temperatures greater than 1000 ◦C providing a more simplified
and time-efficient protocol. Substrate and source temperatures are important factors in
controlling ZnO NW morphology, and here it was achieved through three individually
controlled zones of the CVD furnace [43]. The versatility of the CCFe catalytic molecular
ink allowed the ink to be patterned in a highly selective manner providing utility in
applications requiring microscale or nanoscale precision. See the Section 2 for more details
about DWP.

Our protocols for growing heterostructure interfaces start with the synthesis and
characterization of the individual materials. To quantify changes in quality or morphology
of the nanomaterials, they are characterized prior to and following their incorporation
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into the heterostructures. The CNTs grown for this study were optimized in density
and uniformity (Figure 2a) over the entire sample (SiO2/Si surface). While CNTs grow
horizontally, as a monolayer, ZnO NWs tend to grow vertically in a forest-like arrangement
(Figure 2d) with high density and relatively random organization. Representative (AFM)
image of CNTs grown on SiO2/Si (Figure 2c) shows the diameters of CNTs ranged from
1.7 nm to 2.4 nm, which indicates the CNTs grown were likely single-walled. Likewise,
an AFM image of ZnO NWs grown on the SiO2/Si substrate (Figure 2f) indicates an
average diameter of ~24.5 nm. This AFM image was acquired from a reference sample of
low-density ZnO NWs.

 

Figure 2. Characterization of as-grown 1D nanomaterials. (a) SEM image of CVD-grown CNTs on the SiO2/Si substrate
demonstrating uniformity and high density. (b) Raman spectra of four representative locations from a CNT sample
highlighting radial breathing modes (RBM) and G-band regions of the spectra. (c) AFM image of a few CNTs with a line
profile (inset). (d) SEM image of ZnO NWs grown randomly on SiO2/Si. (e) Raman spectra of four representative spots
of (d) with characteristic E2

high and E2
low peaks of ZnO NWs. (f) AFM topographic image of ZnO NWs grown on the

reference sample, the SiO2/Si substrate, and a line profile (inset).

Resonant Raman spectroscopy was employed to evaluate the quality of as-grown
CNTs to determine their physical nature and electronic structure. The Raman characteristic
spectrum for CNTs at four representative locations of the sample in (c) is shown in Figure 2b.
This spectrum spanned the range of Raman shifts specific to radial breathing modes (RBMs)
(~100–350 cm−1), D-band (~1350 cm−1), and G-band (~1580 cm−1). From analyses of the
RBM values, the diameters of the CNTs were confirmed to range from 0.7 to 2.3 nm,
supporting our AFM results [44,45]. A narrow, intense G-band at 1583 cm−1, full width at
half-maximum (FWHM) of ~23.2 cm−1, and a quality factor (intensity ratio IG/ID > 100) in
Figure 2b confirm that the produced CNTs were of high quality and single-walled, with
only a minute amount of defects. A number of as-grown CNT samples were measured
(usually, an array of 25 spots tested per sample), and with examination of the G-band peak
(its line shape and average FWHM), it was determined that our CVD growing process
renders predominantly semiconducting CNTs.

ZnO NWs also exhibit a characteristic Raman spectrum. Of the twelve theoretical
phonon branches in the wurtzite ZnO, nine are optically active [46]. Predictable modes of
the lattice optical phonons are Γ = 1A1 + 2B1 + 1E1 + 2E2, of which A1, E1, and E2 show
Raman activity while B1 is considered to be Raman-silent. The E2 modes indicate the level
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of crystallinity of as-grown ZnO NWs, while A1 and E1 correspond to the common defects
or vacancies. The Raman spectra (Figure 2e) at representative locations show high-intensity
modes for E2

low and E2
high peaks (97.6 cm−1 and 436.9 cm−1) which correlate with the

Zn and O2 sublattices [37,39,47,48]. The strongest peak in our Raman data was the E2
high

peak with the FWHM of ~10.87 cm−1, indicating a high level of crystallinity. Notably, the
E1(TO) and E1(LO) modes were insignificant in our ZnO NW samples [48,49]. To further
confirm the crystal orientation and structural properties of ZnO NWs, high-resolution
transmission electron microscopy (HRTEM) and selected area electron diffraction (SAED)
were performed. Nickel TEM grids were prepared by scrapping ZnO NWs from ZnO
NWs/CNTs and ZnO NWs/Gr samples onto the grid with flat-edged tweezers. HRTEM
images showed crystal lattice spacing of ~0.53 nm and ~0.52 nm (Figure 3c,f); SAED images
are shown in the insets. A wurtzite crystal structure was observed for our ZnO NWs, and
the values were consistent with other reported HRTEM analyses [22,39]. TEM images of
these samples indicated average diameters of ~89 nm and ~59 nm and minimum average
lengths of ~988 nm and ~1055 nm for ZnO NWs from ZnO NWs/CNTs and ZnO NWs/Gr
heterostructures, respectively (Figure S4, Table S2; Supplementary Materials).

 
Figure 3. SEM and Raman data of the prepared heterostructures. (a) SEM image of ZnO NWs/CNTs heterostructure at
a boundary location, where the upper half of the SEM image shows the presence of both materials while the lower half
only contains CNTs. Insets show zoomed-in regions of both the top and the bottom features. (b,e) Raman spectra of ZnO
NWs/CNTs and ZnO NWs/Gr heterostructures spanning both the ZnO NWs characteristic region (90 cm−1 to 460 cm−1)
and the CNTs/Gr-characteristic region (1100 cm−1 to 3000 cm−1). The two spots correlate with the spots shown in (a) and
in (d), respectively. (c,f) HRTEM images of the ZnO NWs lattice structure show lattice spacing of ~0.532 nm with SAED
patterns (inset) from ZnO NWs/CNTs and ZnO NWs/Gr heterostructures, respectively. (d) SEM image of the ZnO NWs/Gr
heterostructure at the boundary location, where the top right corner shows only the ZnO NWs grown on SiO2/Si, while the
bottom left corner shows the ZnO NWs grown on multilayered graphene.

To confirm that the materials’ integrity post-heterostructure formation was preserved,
we further evaluated the samples. The morphology of the ZnO NWs/CNTs heterostructure
was observed via SEM (Figure 3a). Insets show dense, vertically aligned ZnO NWs
grown on top of CNTs (top) and CNTs only (bottom). The ZnO NWs/Gr heterostructure
(Figure 3d), however, showed distinct morphological changes when ZnO NWs were grown
on the SiO2/Si (top right corner) substrate versus graphene (bottom left corner). Clear
morphological differences in the ZnO NWs grown on graphene were manifested in greater
alignment and density, while the ZnO NWs grown on the SiO2/Si surface appeared
identical to the reference samples of ZnO NWs. The atomically flat crystal structure of
graphene promotes greater alignment in the ZnO NWs grown directly on its surface, and
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with greater alignment, the density of ZnO NWs can increase. In contrast, while ZnO NWs
still grow with vertical tendencies, they do not exhibit strong preferential alignment when
grown on amorphous SiO2 surface and appear at relatively lower densities. The wettability
of graphene is lower compared to Si/SiO2, thus creating more dense nucleation points
and larger nanocluster aggregates from which ZnO NWs can grow, and that could lead to
larger diameter of ZnO NWs as well as the higher density per unit surface area [35].

Additionally, Raman spectroscopy of both heterostructures confirmed that the quality
and crystallinity of CNTs, graphene, and ZnO NWs was preserved in the heterostructure
interfaces. In Figure 3b, spot 1 is selected from the region designed to contain only CNTs,
so the characteristic E2

high (~436.9 cm−1) signal for ZnO NWs is negligible, while the
G-band (1592 cm−1) is intense and narrow (FWHM of ~15.9 cm−1), with very few defects
(ID/IG ~0.0149). These results further identified high-quality CNTs even where ZnO NWs
did not grow to a complete crystal structure. Conversely, spot 2 was selected from a
region where the ZnO NWs/CNTs heterostructure was formed, so the E2

high and E2
low

(~436.9 cm−1 and ~97.6 cm−1) modes were clearly observed, consistent with the results
shown in Figure 2. Likewise, the CNTs’ G-band (1593.24 cm−1) was narrow (FWHM
~26.82 cm−1), with minimal defects (ID/IG ~0.0192), further confirming the quality of our
CNTs was not adversely affected by ZnO NW growth. The Raman spectra of the ZnO
NWs/Gr heterostructure (Figure 3e) confirmed ZnO NWs were present at both spot 1 and
spot 2 of the SEM image (Figure 3d), with intense peaks representing E2

high and E2
low

(~438.9 cm−1 and ~99.7 cm−1) consistent with the ZnO NW reference sample in Figure 2.
The characteristic peaks of graphene were present only at spot 2 where the ZnO NWs/Gr
heterostructure had formed but were absent at spot 1. The narrow G-band at 1583 cm−1

(FWHM of ~28.5 cm−1) indicated the graphene was of high quality and the G-band/2D-
band ratio of ~2.51 confirmed the few-layer nature of graphene, which was consistent with
the Raman spectra of the graphene samples on Cu and SiO2/Si prior to heterostructure
formation (Figure S1, Supplementary Materials). This characterization confirms that the
integrity of graphene was not damaged by the ZnO NWs grown on its surface.

Energy-dispersive X-ray spectroscopy (EDS) was performed on both heterostructures
and on ZnO NW reference samples to confirm elemental compositions of the prepared
samples. EDS spectra for each material with a representative SEM image are shown in
Figure 4a–c. All the samples had signature peaks for oxygen, zinc, and the Si substrate
near 0.5 KeV, 1.1 KeV, and 1.75 KeV, respectively. A Si peak was also observed, typical
for samples prepared on SiO2/Si substrates [50]. While the data were consistent within
each sample (at three different locations/spots), there were small variations in wt% be-
tween samples, which was not surprising given that the representative spectral data were
collected from random spots (~200 nm2) within each sample. Interestingly, there was no
peak representing residual iron traces for any of the samples, which indicated that this
growth process was primarily base-growth (catalyst particles encapsulated by ZnO NWs)
[37,51,52]. Specific details on the wt% composition of each element can be found in Table
S1 (Supplementary Materials) which confirms the presence of Zn, O, and Si in the expected
ratios consistent with previous studies [37]. Enlarged SEM images of Figure 4a–c may be
found in Figure S5 (Supplementary Materials).

Photoluminescence (PL) spectroscopy was also employed to analyze the photoex-
citation exhibited by ZnO NWs in the prepared samples and was conducted at room
temperature. The PL spectra (Figure 4d) confirmed sharp peaks with full width at half-
maxima (FWHM ~ 0.105 eV). The PL peaks’ maxima are located at ~3.3 eV near band edge
range excitonic emission (NBE) at the excitation wavelength ~276 nm laser light [37]. There
were additional wide peaks (at 2.50, 2.50, and 2.54 eV) associated with defects in ZnO
NWs/Gr, ZnO NWs/CNTs, and ZnO NWs, respectively. The data were consistent with
other reported PL characterization of defects in ZnO NWs [20].
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Figure 4. EDS data and PL spectroscopy. (a–c) EDS analysis demonstrated the expected Zn, O, and Si presence in the
prepared ZnO NWs/Gr and ZnO NWs/CNTs heterostructures and in the ZnO NWs reference samples taken at three
selected locations. The insets show SEM micrographs for each respective sample where EDS data were collected. (d) PL
spectra of all the three prepared sample types had observed peak maxima of ~3.31 eV and defect peaks at ~2.50 eV.

X-ray photoelectron spectroscopy (XPS) was performed to characterize the elemen-
tal chemical composition and chemical states of the prepared heterostructures (ZnO
NWs/CNTs and ZnO NWs/Gr) and the reference sample (ZnO NWs). Figure 5a illus-
trates the core-level spectra of Zn2p for the ZnO NW samples, ZnO NWs/CNTs, and ZnO
NWs/Gr heterostructures, which are indicated by two notable peaks located at ≈1021.4 eV
and ≈1044.5 eV representing Zn2p3/2 and Zn2p1/2 in the Zn2+ state, respectively [37]. The
O1s energy-level spectra are represented in Figure 5b, where three distinct peaks (outlined
by the Gaussian fit) are found at ≈530.1 eV, 531.7 eV, and 532.9 eV in all the three samples,
the ZnO NWs/CNTs and ZnO NWs/Gr heterostructures and the ZnO NWs reference. The
peak at lower binding energy (530.1 eV) confirmed the participation of O ions with Zn
ions, while the other two peaks at higher binding energies (531.7 eV and 532.9 eV) implied
oxygen vacancies/defects absorption with some contribution from Si–O bonding [52]. It is
important to note here that the oxygen defects peak (represented by the higher binding
energy ≈532.9 eV) showed higher intensity in the ZnO NWs/CNTs heterostructures than
in the reference sample (ZnO NWs/SiO2/Si) and the ZnO NWs/Gr samples. We speculate
that the intensity of the relatively higher defect in the ZnO NWs/CNTs heterostructure
could be due to additional residuals accumulated on sample surfaces during the two subse-
quent CVD runs. When subtracting a peak (~532.9 eV) from all the spectra, in Figure 5b (see
Figure S2b (Supplementary Materials) post-subtraction), we observe near-identical spectral
plots in all the three samples showing consistency between the sample types outside of
their oxygen defect presence.
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Figure 5. XPS analyses of the ZnO NWs, ZnO NWs/CNTs, and ZnO NWs/Gr heterostructure; (a–c) represent the binding
energy positions of Zn2p, O1s, and C1s for the ZnO NWs (black), ZnO NWs/CNTs (red), and ZnO NWs/Gr (blue)
heterostructures, respectively. Gaussian fits are applied to the O1s curves in (b), showing three-peak deconvolution in each
sample. Survey data from each sample can be found in Figure S2a (Supplementary Materials).

A single CVD run was used to fabricate ZnO NW reference samples and ZnO NWs/Gr
hybrids prepared on cleaner and smoother surfaces of SiO2/Si and graphene substrates,
respectively. Figure 5c shows the XPS analyses of the C1s corresponding to ZnO NWs
(reference sample, black curve). At the same time, ZnO NWs/CNTs (red) and ZnO NWs/Gr
(blue) represent heterostructured samples. Figure 5c clearly shows a sharp peak at ~284.7 eV,
attributed to C=C bonds [53,54]. In addition to the prominent peak that was shown in all
the fabricated specimens, we could notice a small hump localized at ≈288.4 eV only in the
heterostructured samples, ZnO NWs/CNTs (red) and ZnO NWs/Gr (blue), which was
expected due to the presence of the C=O bonding [53,54].

While growing quality materials and heterostructure interfaces consistently and re-
producibly is essential, the ability to grow heterostructure interfaces selectively at desired
locations is of great practical importance. A proof-of-concept experiment was conducted to
demonstrate ZnO NWs/CNTs heterostructures formed on a SiO2/Si sample with etched-in
silicon features. Etched star-shaped geometrical features (trenches) were prepared by
optical laser lithography following RIE in SiO2/Si chips. Details of the lithography and
RIE etching are described in the Supplementary Materials.

CNTs were first grown on these samples following dip coating with the CCFe ink
(Figure 6a) and showed to grow densely only outside of the star-shaped features. While this
conveys a well-documented notion of the importance of SiO2 in the growth of CNTs, it also
allows for selective exclusion of CNTs from the etched area. Thus, it allows for morphology
control and placement of ZnO NWs in the next step of the growth as described below [55,56].
DWP was used to selectively fill star-shaped features with the CCFe catalytic ink (volumes
of tens to hundreds of femtoliters (10−12 L)) using custom AFM cantilevers (Figure 6b,c).
Depositing the CCFe ink into these star-shaped features increased the effective density of
catalytic particles per unit area. It can be used to alter the resulting morphology of the grown
ZnO NWs. Indeed, the diameters of the ZnO NWs originating from these features appeared
larger—a result which has been observed in ZnO NW growth using high-density catalyst
aggregation [37]. Hence, following ZnO NW CVD growth, we observed ZnO NWs grew
more densely, exhibited greater alignment, and had larger diameters at the locations where
additional ink was deposited as compared to those produced at the neighboring etched
features with a lower concentration of the catalyst or on the surrounding substrate surface
(Figure 6d).
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Figure 6e–g shows Raman spectral plots and Raman intensity maps of a region sur-
rounding a star-shaped feature. Two spots, inside and outside of the feature shown in
Figure 6d, were analyzed at each respective location; the spectra are shown in Figure 6g.
The Raman spectrum at spot 1 (ZnO NWs only) exhibited strong E2

high and E2
low (438.9 cm−1

and 99.7 cm−1) peaks consistent with the discussion of Figure 2 for ZnO NWs while the
G-band signal for CNTs was not present. Meanwhile, the Raman spectrum at spot 2 (ZnO
NWs/CNTs) exhibited signature peaks of both ZnO NWs and CNTs with minor defects
(D-band/G-band ~0.0191). Thus, Raman mapping of the region containing the feature
allowed us to characterize the quality of materials present in the locations where they grew.
The regions colored in red represent the relative intensity of the CNTs’ G-band (1582 cm−1)
and the ZnO NWs’ E2

high mode (440 cm−1) in Figure 6e,f, respectively. The Raman map in
Figure 6e shows intense G-band signatures selectively outside of the star-shaped feature,
which is reprehensive of CNT presence.

 

Figure 6. Direct-write patterning of the ZnO NWs/CNTs heterostructure. (a) SEM image of the etched SiO2/Si substrate
with CNTs grown uniformly. (b) Schematic of the patterning process used to fill selected features with the CCFe catalytic
ink prior to ZnO NW growth. (c) Optical image of a filled star-shaped feature with as-grown CNTs present prior to ZnO
NW growth. (d) SEM micrograph of the etched feature indicated in (d) following ZnO NWs growth. (e,f) Raman mapping
of the star feature in (d) with the CNTs’ G-band mapped at 1589 cm−1 (e) and the E2

high peak mapped at 98.8 cm−1 (f).
(g) Representative Raman spectra taken at the corresponding spots indicated in (d).

Meanwhile, the Raman map in Figure 6f shows high-intensity signals for E2
high over

the entire region, which is representative of ZnO NW presence. This map also shows a
slightly higher relative intensity of E2

high signal inside of the star-shaped feature, where
we observed a greater alignment and density of ZnO NWs. ZnO NWs were also grown
selectively inside of the other etched-in geometrical features on the SiO2/Si reference
samples. As it can be seen in Figure S3 (Supplementary Materials), ZnO NWs only grew
in the features where catalytic ink was directly deposited. CNTs grow selectively on the
exterior of the feature because the SiO2 layer is completely removed during the RIE process,
leaving bare Si substrate lacking necessary SiO2, which is critical for optimal growth
of CNTs [55–58]. This example demonstrates flexibility in fabrication (lithography and
subsequent CVD growth) of various micro- and nanoarchitectures; it can also be used to
design hybrid heterostructures in a selective/predefined fashion, thus providing greater
control over material placement, which is paramount for interface and device engineering.

4. Conclusions

In this study, we developed unique and highly efficient two-step CVD processes of
synthesizing ZnO NWs/CNTs and ZnO NWs/Gr heterostructure interfaces to demonstrate
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a reproducible, scalable method of producing high-quality nanomaterials. This method
allows for the direct growth and formation of 1D–1D or 1D–2D interfaces. The resulting
materials exhibit high levels of crystallinity and desirable morphologies and targeted elec-
tronic and optical properties as confirmed by various characterization methods such as
Raman spectroscopy, SEM/EDS, XPS, TEM, PL, and AFM. The CNT networks prepared
for the ZnO NWs/CNTs heterostructure interfaces were characterized as high-quality and
predominately semiconducting single-walled, with average diameters ranging between
0.7 and 2.4 nm as determined by AFM and Raman spectroscopy. We also showed that
the ZnO NWs formed in our heterostructured systems were highly crystalline and had
a wurtzite crystal structure with lattice spacing ~0.52–0.53 nm as confirmed by HRTEM,
SAED, and Raman spectroscopy. Our universal catalytic ink greatly simplified the forma-
tion of ZnO NWs/CNTs heterostructures through optimized reactivation of the catalysts’
nanoparticles derived from the CCFe ink during the growth processes because it catalyzes
both CNTs and ZnO NWs, providing a more efficient protocol for catalyst usage. The
graphene used in the heterostructure was shown to promote more densely packed arrange-
ments of ZnO NWs, greater vertical alignment, with controlled diameters of individual
ZnO NWs, due to graphene’s unique surface properties.

Additionally, we demonstrated that it is possible to selectively grow ZnO NWs/CNTs
heterostructures with our direct-write patterning technique, which can tailor an inter-
face based on the precise predefined location and morphological specifications. Such het-
erostructures could offer a foundation for developing electronic, optical, and energy-related
devices fabricated in customizable vertical or horizontal arrangements in the templated
multiplexed architectures, thus allowing for many promising future applications, including
biomedical applications.
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ble S1: EDS composition data for the ZnO NW reference sample and both ZnO NWs/Gr and
ZnO NWs/CNTs heterostructures, Figure S2: XPS survey data and O1s with a subtracted peak at
~532.9 eV. Laser lithography and RIE etching. Figure S3: Controlled selective synthesis of ZnO NWs.
Figure S4: TEM image of ZnO NWs. Table S2: ZnO NW diameters measured from the TEM. Figure S5:
Enlarged SEM images of ZnO NWs/Gr, ZnO NWs/CNTs, and the ZnO NW reference. Figure S6:
CVD protocols for growing carbon nanotubes, graphene, and ZnO NWs.
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Abstract: Extremely thin absorber (ETA) solar cells made of ZnO/TiO2/Sb2S3 core–shell nanowire
heterostructures, using P3HT as the hole-transporting material (HTM), are of high interest to surpass
solar cell efficiencies of their planar counterpart at lower material cost. However, no dimensional
optimization has been addressed in detail, as it raises material and technological critical issues. In
this study, the thickness of the Sb2S3 shell grown by chemical spray pyrolysis is tuned from a couple
of nanometers to several tens of nanometers, while switching from a partially to a fully crystallized
shell. The Sb2S3 shell is highly pure, and the unwanted Sb2O3 phase was not formed. The low end
of the thickness is limited by challenges in the crystallization of the Sb2S3 shell, as it is amorphous
at nanoscale dimensions, resulting in the low optical absorption of visible photons. In contrast, the
high end of the thickness is limited by the increased density of defects in the bulk of the Sb2S3 shell,
degrading charge carrier dynamics, and by the incomplete immersion of the P3HT in the structure,
resulting in the poor hole collection. The best ETA solar cell with a short-circuit current density
of 12.1 mA/cm2, an open-circuit voltage of 502 mV, and a photovoltaic conversion efficiency of
2.83% is obtained for an intermediate thickness of the Sb2S3 shell. These findings highlight that the
incorporation of both the absorber shell and HTM in the core–shell heterostructures relies on the
spacing between individual nanowires. They further elaborate the intricate nature of the dimensional
optimization of an ETA cell, as it requires a fine-balanced holistic approach to correlate all the
dimensions of all the components in the heterostructures.

Keywords: ZnO nanowires; Sb2S3; chemical spray pyrolysis; core shell heterostructures; extremely
thin absorbers; solar cells

1. Introduction

Owing to its abundancy, non-toxicity, and relative ease to be grown as nanostructures
by low-cost, low-temperature and easily implemented chemical deposition techniques [1,2],
ZnO nanowires (NWs) have emerged as an important building block in nanostructured so-
lar cells [3]. In particular, thanks to its high electron mobility as compared to TiO2 nanoparti-
cles [4,5], ZnO NWs can act as an efficient electron transporting material (ETM) in a range of
photovoltaic cells, including the so-called extremely thin absorber (ETA) solar cells [3,6–9].
In the core–shell configuration used in ETA solar cells, the n-type ZnO NWs are basically
coated with a thin shell as the optical absorber in the visible part of the electromagnetic
spectrum (hereinafter shell) [3]. The shell is typically an inorganic p-type semiconductor,
exhibiting an electronic band structure with a direct bandgap energy ranging from 1.3 to
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2.0 eV and a type II band alignment with ZnO NWs [3]. These core–shell heterostructures
benefit from a large number of assets, including (i) efficient light absorption phenomena
through radiated and guided optical modes and (ii) efficient charge carrier management
through charge carrier separation and collection [10–13]. The first efficient ETA solar cell
integrating ZnO NWs was reported in 2005 with the use of a p-type CdSe shell and of
CuSCN as the hole transporting material (HTM), leading to the photovoltaic conversion effi-
ciency (PCE) of 2.3% [14]. A wide variety of shells, including CdTe [15–17], CdSe [14,18,19],
CdS [20], CdS/CdTe [21], In2S3 [22–24], TiO2/CuInSe2 [25,26], and Cu2O [27,28], as well
as the wide bandgap ZnSe [29] and ZnS [30], through the type II interfacial transition,
have been developed in ETA solar cells, along with different HTMs, such as CuSCN or
iodide/triiodide and poly-sulfur electrolytes, resulting in PCEs lying in the range of 1.5–5%.

Following pioneering works in 1990s [31,32], antimony tri-sulfide (Sb2S3) as a p-type
V/VI semiconductor with a high optical absorption coefficient of 7.5 × 104 cm−1 at 550 nm
and a direct bandgap energy of 1.7 eV at room temperature [33,34] has recently emerged
as a highly promising optical absorber in semiconductor-sensitized solar cells [35–37].
The combination of Sb2S3 with nanoporous/mesoporous TiO2 has led to the fabrication
of semiconductor-sensitized solar cells with a record PCE of 7.5% [38], following the
optimization of HTMs and post-deposition treatments [39–43]. A special emphasis has
recently been placed on the defect reduction and interface optimization to boost the fairly
low open-circuit voltage (VOC) in Sb2S3-sensitized solar cells [44]. Alternative approaches
for increasing efficiencies have included the development of Sb2(S,Se)3-sensitized solar cells,
using in situ hydrothermal growth/post-selenization [45] or vapor transport deposition [46],
leading to a PCE of 6.14 and 7.31%, respectively.

The combination of a Sb2S3 shell with TiO2 nanostructures in the form of nanofibers [47],
nanotubes [48], or NWs [49–52] has also been explored, resulting in the fabrication of
semiconductor-sensitized solar cells with a PCE in the typical range of 2–5%. Recently,
the use of surface modifiers with different functional groups and carbon numbers has led
to the fabrication of Sb2S3-sensitized solar cells, reaching a PCE of 5.37%, which showed
the capability of getting a high photovoltaic performance, using oxide nanorods [52]. Al-
ternatively, there has been an increasing interest in coupling an Sb2S3 shell with ZnO
NWs [53–60]. First, ZnO NWs with a very short length of 100 nm have been gap-filled by
Sb2S3, using vacuum evaporation, leading to the fabrication of a nanocomposite cell with a
PCE of 2.9% [53]. An immersion into thioacetamide, followed by a metal cation exchange
process, was further employed to transform the surface layers of ZnO NWs into ZnS/Sb2S3
shells, resulting in the fabrication of ETA solar cells with a PCE of 1.32% [54]. Later on,
Parize et al. reported the first ETA solar cells integrating ZnO/TiO2/Sb2S3 core–shell NW
heterostructures by using chemical bath deposition (CBD), atomic layer deposition (ALD),
and ultrasonic chemical spray pyrolysis (CSP), respectively [55]. The TiO2 conformal shell
with the anatase phase was used to act as a protective, passivating layer [61]. A PCE of
2.3%, along with a VOC of 656 mV and a short-circuit current density (JSC) of 7.5 mA/cm2,
was achieved by using a Sb2S3 shell of approximately 10 nm, in which the presence of a
senarmontite Sb2O3 phase was clearly revealed [55]. No optimization for the Sb2S3 shell
purity was shown, although it is well-known to significantly influence the photovoltaic
performance. The oxidation of the bulk of the Sb2S3 absorber layer has been proven to be
detrimental to the photovoltaic performance of solar cells in both planar and nanostruc-
tured configurations, because Sb2O3 creates deep traps that cause the recombination of
generated charge carriers [38,62]. Surface oxidation is by some accounts a valid technique
for passivating the surface of the Sb2S3 absorber to boost the PCE [39], although the record
PCE of 7.5% was reached with a post-sulfurized absorber [38]. More recently, significant
efforts have been achieved on the development of a Sb2S3 shell by standard successive ionic
layer adsorption and reaction (SILAR) [56] and spin-coating-assisted SILAR [58–60] tech-
niques. The fabrication of ZnO/TiO2/Sb2S3 core–shell NW heterostructures with a higher
purity of the Sb2S3 shell was shown by standard SILAR process through the formation of
three-dimensional clusters [56]. The use of spin-coating-assisted SILAR to form a Cu-doped
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Sb2S3 shell modulating the bandgap alignment with ZnO NWs further resulted in the
fabrication of sensitized-solar cells with a PCE of 3.14% [58]. The verticality and length
of ZnO NWs were also found to strongly affect the photovoltaic performances of Sb2S3-
sensitized solar cells, resulting in a typical PCE of around 2% after optimization [59,60].
The SILAR-related techniques have a high potential in the field of Sb2S3-sensitized solar
cells, but typically lead to the formation of three-dimensional clusters or dots [56,58–60],
which, in contrast to the CSP technique, results in the formation of a continuous thin shell
for Sb2S3-based ETA solar cells [55]. Interestingly, the recent development of the CSP of
Sb2S3 thin films by using a two-step process has further improved the deposit continuity as
compared to the one-step process, while drastically increasing its purity by suppressing
the formation of the senarmontite Sb2O3 phase, in turn increasing the PCE to 5.5% [63].
Actually, the highest efficiencies in Sb2S3-sensitized solar cells when grown by chemical
deposition techniques have, to date, been only achieved by using an amorphous Sb2S3
phase as the first step.

In this study, the ZnO/TiO2/Sb2S3 core–shell NW heterostructures grown by low-cost
chemical deposition techniques, along with P3HT as the HTM and Au as the top electrode,
are developed for ETA solar cells. We optimize the thickness of the Sb2S3 shell, whereas
the ZnO NW/TiO2 stack below the absorber is intentionally kept constant to decouple
the physical phenomena at work. We further modify the growth conditions of the Sb2S3
shell by revising the sulfur content in the CSP solution to suppress the oxidation of the
bulk of the Sb2S3 shell during deposition. The effect of the Sb2S3 shell thickness on the
structural and optical properties of ZnO/TiO2/Sb2S3 core–shell NW heterostructures, as
well as on the performances of the resulting ETA solar cells, is investigated in detail by
field-emission scanning electron microscopy (FESEM) imaging, in-plane X-ray diffraction
(XRD), Raman and cathodoluminescence spectroscopy, UV–visible absorption and current
density (J)–voltage (V) measurements under dark and air mass (AM) 1.5 G illumination
conditions. Our investigation aims at identifying and clarifying the materials and techno-
logical issues limiting the performances of ZnO NW-based ETA solar cells, while proposing
innovative solutions.

2. Materials and Methods

The ZnO/TiO2/Sb2S3 core–shell NW heterostructures were grown by low-cost and
easily scalable techniques on indium tin oxide (ITO)–glass substrates. The 150 nm–thick
ITO layer (Delta Technologies, Loveland, CO, USA) had a sheet resistance in the range of
5–15 Ω/sq. and an optical transmittance larger than 85%. Its sheet resistance after a thermal
treatment at a temperature higher than 400 ◦C was increased to a typical value in the range
of 40–80 Ω/sq. ZnO NW arrays were grown by a two-step wet chemical route. First, the
polycrystalline ZnO seed layers were deposited by sol–gel process. An equimolar solution
of zinc acetate dihydrate (Zn(CH3OOH)2·2H2O, Sigma-Aldrich, St. Louis, MO, USA) and
monoethanolamine (MEA, Sigma-Aldrich, St. Louis, MO, USA) was mixed in pure ethanol.
The sol was stirred for 12 h at 60 ◦C and then for 12 h at room temperature to complete the
dissolution of Zn(CH3OOH)2·2H2O. The xerogel film was formed by dipping the ITO–glass
substrates into the sol and by withdrawing them at the speed of 3.3 mm/s in ambient
atmosphere with a relative humidity below 15%. The xerogel film was put for 10 min on
a hot plate kept at 300 ◦C to evaporate the organic compounds, and then annealed for
1 h in an oven kept at 500 ◦C to crystallize the ZnO seed layer. Second, the ZnO-seed-
layer-coated ITO–glass substrates were placed face down in a sealed reactor to form ZnO
NWs by CBD. A 30 mM equimolar solution of zinc nitrate hexahydrate (Zn(NO3)2·6H2O,
Sigma-Aldrich, St. Louis, MO, USA) and hexamethylenetetramine (HMTA, Sigma-Aldrich,
St. Louis, MO, USA) was prepared in deionized water. The sealed reactor was kept at 90 ◦C
for 3 h in a regular oven. Subsequently, ZnO NW arrays were covered by ALD with an
amorphous 10 nm–thick TiOx layer grown at 200 ◦C from tetrakis-dimethylamino titanium
(TDMAT) and H2O in a F200 Fiji reactor from Cambridge Nanotech (Cambridge, MA, USA).
A post-deposition thermal treatment in air was performed for 3 h in a regular oven kept
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at 300 ◦C to crystallize the anatase TiO2 shell. Eventually, after purifying the sample
surface under UV–ozone treatment for 30 min at room temperature in ambient air, an
amorphous Sb2S3 shell was deposited by ultrasonic CSP in air at 210 ◦C from a solution
of 60 mM antimony chloride (SbCl3, Sigma-Aldrich, St. Louis, MO, USA) and 180 mM
thiourea (Alfa Aesar, Ward Hill, MA, USA) dissolved in 99.8 vol% methanol (Honeywell,
Charlotte, NC, USA) [63]. The deposition time was varied in cycles, where one cycle lasts
20 s, as described previously in Reference [63]. Afterward, Sb2S3 was crystallized in a
tubular furnace in flowing 99.999% N2 at 300 ◦C for 5 min. To deposit the HTM layer for the
ETA solar cell, the samples were immersed in a solution of 2.0 wt% of regioregular poly(3-
hexylthiophene-2,5-diyl) (P3HT, Carbosynth, Newbury, UK), dissolved in chlorobenzene
(Sigma-Aldrich, St. Louis, MO, USA), and were ultrasonicated for 15 min. Thereafter, the
samples were withdrawn from the solution and dried in air at 50 ◦C for 10 min, followed
by a thermal treatment in vacuum (5.3·10−4 Pa) at 170 ◦C for 5 min. The ETA solar cells
made of ZnO NW heterostructures were completed by thermally evaporating a layer of
99.999% Au through a mask to form an array of contacts, each 1.7 mm2 in area.

FESEM images in top-view and cross-sectional view configurations of the incom-
plete structure were collected with a ZEISS GeminiSEM 300 instrument (Carl Zeiss,
Oberkochen, Germany) operating at an accelerating voltage of 3 kV. FESEM images of
the complete structure were collected with a ZEISS HR Ultra 55 instrument (Carl Zeiss,
Oberkochen, Germany) operating at an accelerating voltage of 4 kV, and the FESEM–EDX
data were therein recorded at an accelerating voltage of 7 kV, using a Bruker ESPRIT
1.8 EDX detector (Bruker, Billerica, MA, USA). In-plane XRD patterns were recorded with
a RIGAKU Smartlab diffractometer (Rigaku, Tokyo, Japan) equipped with a 9 kW rotating
anode, using the Kα(Cu) radiation and operating at 45 kV and 200 mA. The in-plane
configuration was run on a 5 circle-goniometer that was specifically designed for this
type of acquisitions. The X-ray beam was about 2 mm/0.05 nm parallel/perpendicular to
the sample surface, respectively. The samples were placed in a horizontal position on a
double tilt stage during the acquisition. Moreover, 2Theta-Chi/Phi XRD measurements
were performed in the range of 20◦ to 60◦, with a step of 0.04◦ and a speed of 1.0◦/min,
while setting the Omega incidence to 0.5◦. The bixbyite In2O3, wurtzite ZnO, anatase
TiO2, and stibnite Sb2S3 phases were identified by using the 00-006-0416, 00-036-1451,
00-021-1272, and 00-042-1393 files of the International Center for Diffraction Data (ICDD),
respectively. Raman spectra were recorded with a HORIBA/JOBIN YVON Labram spec-
trometer (Jobin Yvon, Palaiseau, France) equipped with a liquid-nitrogen-cooled CCD
detector. The 632.8 nm excitation line of a Ne/He laser was used with a power on the
sample surface close to 10 μW. The laser beam was focused to a spot size of 1 μm2, using
a 100× objective, leading to a power density of 10 μW/μm2. The spectra were calibrated
in wavenumber at room temperature by using a silicon reference sample where the theo-
retical position of the silicon Raman line was set to 520.7 cm−1. The acquisition time for
Raman scattering measurements was 600 s. Then 5 K cathodoluminescence measurements
were performed on ZnO/TiO2/Sb2S3 core–shell NW heterostructures with an FEI Inspect
F50 FESEM instrument (FEI, Hillsboro, OR, USA) equipped with a liquid-helium-cooled
stage. The cathodoluminescence signal was collected through a parabolic mirror and
analyzed with a 550 mm focal length monochromator equipped with 600 grooves/mm
diffraction grating. Cathodoluminescence spectra were recorded with a thermoelectric-
cooled silicon CCD detector over a 3 × 3 μm2 area, using a low acceleration voltage
of 10 kV and a small spot size (i.e., less than 10 nm), along with an acquisition time of
30 s. Optical total transmittance and total reflectance were measured by using a JASCO
V-670 UV–visible–NIR spectrophotometer (Jasco Applied Sciences, Halifax, NS, Canada)
equipped with a 40 mm integrating sphere. ETA solar cell J–V curves under dark and
AM 1.5 G illumination conditions were measured by using a factory-calibrated solar
simulator (Xe light source, Newport Oriel Sol3A class AAA, Newport, Irvine, CA, USA)
and a shadow mask with an aperture larger than the cell area defined by the back con-
tact. The intensity of the solar simulator was calibrated to 100 mW/cm2 at AM 1.5 G
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illumination conditions with a reference silicon solar cell. External quantum efficiency
(EQE) spectra were measured at room temperature, using a light source (Newport 300 W
Xenon lamp, 69911 equipped with a monochromator Newport Cornerstone 260, Newport,
Irvine, CA, USA), a digital lock-in detector (Merlin, Newport, Irvine, CA, USA), and a
factory-calibrated silicon reference detector. EQE-integrated JSC was calculated in AM
1.5 G illumination conditions with the online tool Open Photovoltaics Analysis Platform
(http://web.archive.org/web/20191216042337if_/http://opvap.com/eqe.php, accessed
on 15 November 2021).

3. Results and Discussion

3.1. Structural and Optical Properties

The structural morphology of ZnO/TiO2 core–shell NW heterostructures covered with
a Sb2S3 shell grown by CSP, using 30, 50, 70, and 90 cycles, is presented in Figure 1 through
FESEM images.

Figure 1. Top-view and cross-sectional view FESEM images of ZnO/TiO2 core–shell NW heterostruc-
tures covered with a Sb2S3 shell grown by CSP, using (a–d) 30, (e–h) 50, (i–l) 70, and (m–p) 90 cycles.
FESEM images were collected by using the detectors of secondary electrons (a,b,e,f,i,j,m,n) and
backscattered electrons (c,d,g,h,k,l,o,p), respectively. The scale bars denote 200 and 300 nm for the
top-view and cross-sectional view FESEM images, respectively.

Vertically aligned ZnO NWs are homoepitaxially grown on the grains with polar
orientations composing the c-axis oriented ZnO seed layer [64,65]. They exhibit a mean
length and diameter of 998 ± 115 nm and 92 ± 21 nm, respectively, when using an
equimolar concentration of 30 mM [66]. The TiO2 shell has a mean thickness of 8.5 nm on
the sidewalls of ZnO NWs and of around 10 nm on their top c-face, and exhibits a pure
anatase phase as determined by HRTEM imaging in Reference [61], which is desirable to get
a type II band alignment with ZnO NWs. The ZnO/TiO2 core–shell NW heterostructures
are, on average, separated from each other by a distance of about 100 nm, forming a gap.
A typical top-view FESEM image of ZnO/TiO2 core–shell NW heterostructures is shown
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in Supplementary Materials Figure S1. These heterostructures are well covered by the
Sb2S3 shell from bottom to top, regardless of the cycle number, as seen in Supplementary
Materials Figure S2. Overall, the thickness of the Sb2S3 shell increases as the cycle number
is increased. When using 30 cycles, the Sb2S3 shell appears to be very thin, as indicated
by the hexagonal section of ZnO/TiO2/Sb2S3 NWs and by the absence of any connections
between them in Figure 1a–d. In contrast, in the cross-sectional view of ZnO/TiO2/Sb2S3
NWs, contours are more rounded when the cycle number is increased to 50 as seen in
Figure 1e–h, revealing the thickening of the Sb2S3 shell through the development of the
thin, conformal layer. Moreover, a couple of connections start to be established at that cycle
number between closely spaced ZnO/TiO2 NWs. The connections between the ZnO/TiO2
NWs are even more pronounced at the cycle number of 70, as seen in Figure 1i–l. The gaps
between ZnO/TiO2 NWs are almost filled by the Sb2S3 shell at the cycle number of 90, as
seen in Figure 1m–p, switching from the core–shell configuration typically used in ETA
solar cells to the fully impregnated configuration usually employed in bulk-heterojunction
quantum dot solar cells and organic/hybrid solar cells [3]. From the present FESEM data,
it is inferred that the thickness of the Sb2S3 shell varies, on average, from a couple of
nanometers to several tens of nanometers as the cycle number is increased from 30 to 90.

The crystallinity and purity of the Sb2S3 shell, as well as its dependence on the cycle
number, were assessed by XRD and Raman spectroscopy. The in-plane XRD patterns of
ZnO/TiO2 core–shell NW heterostructures covered with a Sb2S3 shell grown by CSP, using
30, 50, 70 and 90 cycles, are presented in Figure 2.

Figure 2. In-plane XRD patterns of ZnO/TiO2 core–shell NW heterostructures covered with a Sb2S3

shell grown by CSP, using 30, 50, 70, and 90 cycles.

The in-plane configuration is well-designed to measure the diffracting planes of the
Sb2S3 shell that are perpendicular to the sample surface, namely along the growth axis on
the sidewalls of ZnO NWs. The XRD patterns are dominated by the

(
1010

)
and

(
1120

)
diffraction peaks located at 31.7◦ and 56.6◦, respectively, corresponding to the wurtzite
phase of vertically aligned ZnO NWs exhibiting the six-fold sidewalls with the nonpolar
m-planes. The weaker

(
1011

)
diffraction peak at 36.3◦ indicates that some of the ZnO NWs

are slightly tilted with respect to the normal to the sample surface, following their nucle-
ation over some grains with the same semipolar orientation composing the ZnO seed layer.
The even weaker diffraction peak at 30.6◦ is attributed to the (222) planes of the bixbyite
phase of the ITO layer. Its weak intensity originates from the in-plane configuration used,
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in which the X-ray beam was centered on the ZnO/TiO2/Sb2S3 core–shell NW heterostruc-
tures. More importantly, the remaining diffraction peaks are all attributed to the stibnite
phase of the Sb2S3 shell. The XRD pattern of the ZnO/TiO2 core–shell NW heterostructures
covered by the Sb2S3 shell grown with 30 cycles does not show any intense peaks. The
weak diffraction peaks at 25.0◦, 34.3◦, and around 47.5◦ correspond to the (130)/(310),
(131)/(311), and (002)/(151)/(511) planes. The very thin Sb2S3 shell grown with 30 cycles
was, thus, partially crystallized. As the cycle number is increased to 90, the XRD patterns
of the ZnO/TiO2 core–shell NW heterostructures covered by the Sb2S3 shell exhibit a larger
number of diffraction peaks with a higher intensity coming from the stibnite phase. Re-
gardless of the cycle number beyond 30, the diffraction peaks at 24.93◦, 29.20◦, and around
46.80◦ corresponding to the (130)/(310), (121)/211), and (530)/(002)/(151)/(511) planes,
respectively, dominate. A list of all of the diffraction peaks, along with their exact position
and nature, is given in Supplementary Materials Table S1. Correlatively, the intensity of
the ITO- and ZnO-related diffraction peaks decreases. Interestingly, no sign of the presence
of the senarmontite Sb2O3 phase occurs in the XRD patterns, indicating the absence of this
minor phase that was typically detected when Sb2S3 has been grown by CBD [67]. Addi-
tionally, no significant shifts in the position of the diffraction peaks of the ZnO NWs and
of the TiO2 and Sb2S3 shells are detected, indicating that the ZnO/TiO2/Sb2S3 core–shell
NW heterostructures are fully relaxed. The local epitaxy between the ZnO NWs and TiO2
shell grown by ALD is plastically accommodated, such that the epitaxial strain is totally
relieved [61]. The Sb2S3 shell grown by CSP follows a Volmer–Weber growth mode, where
the intrinsic stress can be relieved by different processes occurring at grain boundaries [68].

The Raman spectra of ZnO/TiO2 core–shell NW heterostructures covered with a Sb2S3
shell grown by CSP using 30, 50, 70, and 90 cycles are presented in Figure 3. A very small
laser power density of 10 μW/μm2 was used to avoid any photo-induced degradation of
the Sb2S3 phase, as reported in Reference [69]. The stibnite Sb2S3 phase belongs to the Pbnm
(centrosymmetric) space group. According to the factor group analysis at the Γ point, the
orthorhombic stibnite structure exhibiting 20 atoms per Sb2S3 primitive cell has 30 active
Raman modes: ΓRaman = 10 Ag + 5 B1g + 10 B2g + 5 B3g [70–72].

Figure 3. Raman spectra of ZnO/TiO2 core–shell NW heterostructures covered with a Sb2S3 shell
grown by CSP using 30, 50, 70, and 90 cycles.
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The Raman spectrum of the ZnO/TiO2 core–shell NW heterostructures covered by the
Sb2S3 shell grown with 30 cycles does not show any intense narrow lines. Rather, a broad
Raman band centered at around 300 cm−1 is observed and is typical of the amorphous
Sb2S3 phase [67,73]. This confirms that the very thin Sb2S3 shell grown with 30 cycles is
mainly amorphous and has only been partially crystallized. Any role of chlorine residues
in that process due to the lower deposition temperature is ruled out by the fact that chlorine
is known to improve the crystallinity of Sb2S3 thin films [74]. Instead, more and more
energy (i.e., higher annealing temperature) is required to crystallize the Sb2S3 shell at
nanoscale dimensions, below a typical thickness of 10 nm. The need for crystallizing layers
with a thickness of less than 10 nm at a substantially higher annealing temperature than
the same layers with a thickness of several tens of nanometers has been related to an
increase in the activation energy for the crystallization process in oxides and phase change
materials [75–77]. For extremely thin layers, the surface-over-volume ratio is even so high
that the surface energy predominantly contributes to the total free energy hampering
the amorphous-to-crystalline state transformation below a critical thickness [77]. As the
cycle number is increased to 90, the Raman spectra of the ZnO/TiO2 core–shell NW
heterostructures covered by the Sb2S3 shell show intense narrow lines originating from
the stibnite phase. Regardless of the cycle number beyond 30, the Raman lines at 61 cm−1

(B1g/B3g), 71 cm−1 (Ag), 283 cm−1 (Ag), and 314 cm−1 (B2g) dominate [70–72,78]. A list of
all of the Raman lines, along with their exact position and nature, is given in Supplementary
Materials Table S2. The Raman line intensity generally increases as the cycle number is
increased. This confirms that the Sb2S3 shell was well-crystallized and that its thickness
increased as the cycle number does, which is in agreement with the FESEM and in-plane
XRD measurements. Additionally, it should be noted that two Raman lines at 90 and
115 cm−1 are detected when the cycle number lies in the range of 50–90. The assignment
of these Raman lines is still under debate. On the one hand, they can be attributed to the
senarmontite Sb2O3 phase through the B2 and E modes, respectively [79]. The formation of
that senarmontite phase takes place when the Sb2S3 phase is in contact with air, usually
passivating the surface layer and thus being beneficial for the heterojunction interface.
On the other hand, it was reported in Reference [72], from density-functional theory
calculations, that two B2g modes originating from the stibnite phase lie in the same range
of wavenumber. In the present case, on the basis of the in-plane XRD patterns and in the
absence of the usually dominant Raman lines at around 190 and 255 cm−1 belonging to
the senarmontite Sb2O3 phase [67,73], it is deduced that the two Raman lines at 90 and
115 cm−1 are attributed to the B2g modes of the Sb2S3 phase. The absence of the Sb2O3 phase
can be explained by the likely oxidation suppression, because the deposition temperature of
the Sb2S3 shell was decreased from 220 ◦C in our previous study [55] to 210 ◦C in this study.
Furthermore, the concentration of the Sb and S precursors as SbCl3 and thiourea in the CSP
process was doubled. Increasing the concentration of the sulfur source in the spray solution
is known to suppress the oxidation of metal sulfide layers during the deposition [80].

The 5 K cathodoluminescence spectra of ZnO/TiO2 core–shell NW heterostructures
covered with a Sb2S3 shell grown by CSP using 30, 50, 70, and 90 cycles are presented in
Figure 4 following an analysis over a fixed surface area of 3 × 3 μm2.

These spectra are composed of three typical emission bands located at 3.36 eV, in
the range of 2.00–2.25 eV and at around 1.80 eV, as seen in Figure 4a. The 3.36 eV line
corresponds to the near-band edge (NBE) emission of ZnO NWs, which is assigned to
donor-bound A exciton transitions involving hydrogen-related defects [81]. From the I
nomenclature used to label the excitonic transitions [82], the I4 and I5 lines assigned to
substitutional hydrogen on the oxygen lattice site [83] and zinc vacancy/hydrogen defect
complexes [84], along with radiative transitions involving interstitial hydrogen in bond
centered sites, significantly contribute to the NBE emission of ZnO NWs grown by CBD [81].
The yellow-green emission band at around 2.25 eV is attributed to the (VZn-2H) defect
complex, while the red-orange emission band at around 1.86 eV is assigned to the (VZn-H)
defect complex. No green-blue emission band centered at around 2.65 eV and associated
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with hydrogen-related defects on the surfaces of ZnO NWs occurs, indicating, as expected,
that the TiO2 shell efficiently passivates the surface defects [61]. Furthermore, it should be
noted that the visible emission band lies in the range of 1.50–2.25 eV when the Sb2S3 shell
is grown for 30 cycles, and thus is much broader than the visible emission band lying in
the range of 1.50–1.90 eV when the Sb2S3 shell is grown for 50, 70, and 90 cycles, as seen in
Figure 4b. The much lower intensity of the radiative transitions extending beyond 1.90 eV
when the Sb2S3 shell is grown for 30 cycles reveals that the NBE emission of amorphous
Sb2S3 takes place in the yellow-green emission band that is close to its bandgap energy of
2.2 eV [85]. The contribution of the amorphous Sb2S3 shell to the yellow-green emission
band vanishes at a cycle number beyond 30, which is in agreement with in-plane XRD and
Raman scattering measurements. Moreover, the NBE emission of the crystallized Sb2S3
shell occurs in the red emission band that is close to its bandgap energy lying in the range
of 1.70–1.80 eV [33,34,85]. As the cycle number is increased from 30 to 90, the ratio of the
NBE emission of ZnO NWs over the red-orange emission band significantly decreases.
A prominent contribution around 1.78 eV corresponding to the red emission is mainly
attributed to the NBE emission of the crystallized Sb2S3 shell. As the shell thickness is
increased with a higher cycle number in the CSP process, the red emission band becomes
more and more intense. However, the increase of around 20% in the intensity of the red
emission band when the Sb2S3 shell is grown with a cycle number of 90, as compared to 70,
is less than the estimated 30% increase in the thickness of the Sb2S3 shell. This is likely the
sign of a small increase in the density of defects in the bulk of the Sb2S3 shell when grown
with a cycle number of 90.

Figure 4. (a) 5 K cathodoluminescence spectra collected on an ensemble of single ZnO/TiO2 core–
shell NW heterostructures covered with a Sb2S3 shell grown by CSP using 30, 50, 70, and 90 cycles. A
fixed surface area of 3 × 3 μm2 was chosen for the acquisition. (b) Zoom-in in the area of interest
corresponding to the visible energy range from 1.5 to 2.5 eV.

Correlatively, the sample color switches from translucent orange to opaque dark
brown by increasing the cycle number, which reveals an increase in the absorption of
the visible light by the Sb2S3 shell. The optical bandgap energy of the Sb2S3 shell was
extracted from EQE measurements following the (EQE × hν)2 method [86] and is reported
in Figure 5. The (EQE × hν)2, as a function of photon energy, was plotted, and a linear
regression fitting provided the value of the optical bandgap energy. The optical bandgap
energy obtained for 30, 50, 70, and 90 cycles is 1.78, 1.76, 1.74, and 1.72 eV, respectively, thus
converging to the theoretical value of around 1.7 eV in bulk Sb2S3 when the shell thickness
is increased [33,34,85].
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3.2. Photovoltaic Performances

The architecture of ZnO/TiO2/Sb2S3 core–shell NW heterostructure-based ETA solar
cells and the corresponding diagram of energy levels are presented in Figure 6. Under AM
1.5 G illumination through the glass substrate, visible photons are absorbed by the Sb2S3
shell with a bandgap energy of around 1.7 eV to generate electron–hole pairs. The successive
type II band alignments are favorable for the separation and collection of electrons and
holes to generate the photocurrent as follows: electrons migrate to the TiO2 shell and then to
the ZnO NWs, acting as the ETM toward their collection with the ITO contact as the topside
electrode, while holes migrate to P3HT, acting as the HTM toward their collection with
the Au contact as the backside electrode. The TiO2 shell acts as a protective, passivating
layer [61], further improving the quality of the interface between the ZnO NWs and Sb2S3
shell. The absence of the TiO2 shell very strongly degrades the photovoltaic performances
in the present ETA solar cells [55].

Figure 5. (EQE × hν)2 vs. photon energy (solid line) of ZnO/TiO2 core–shell NW heterostructures
covered with a Sb2S3 shell grown by CSP, using 30, 50, 70, and 90 cycles. The fitting dashed lines
reveal the optical bandgap energy as the intercept of the linear part with the photon energy axis.

Figure 6. Architecture and corresponding diagram of energy levels of ZnO/TiO2/Sb2S3 core–shell
NW heterostructure-based ETA solar cells.
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The ZnO/TiO2 core–shell NW heterostructures covered with a Sb2S3 shell grown by
CSP, using 30, 50, 70, and 90 cycles, were filled by P3HT, using immersion and thereafter
covered with a thin layer of Au by thermal evaporation to form the complete ETA solar cell
structure of ITO/ZnO/TiO2/Sb2S3/P3HT/Au. A cross-sectional view FESEM image of the
entire ETA solar cell, as presented in Figure 7, clearly indicates the efficient penetration of
the Sb2S3 shell and P3HT when using the cycle number of 70.

Figure 7. Cross-sectional view FESEM image of the complete ETA solar cell structure of
ITO/ZnO/TiO2/Sb2S3/P3HT/Au when using the cycle number of 70.

The J–V curves collected in dark and AM 1.5 G illumination conditions are presented
in Figure 8, and the photovoltaic properties are reported in Table 1 and plotted in Figure 9.

Figure 8. J–V curves of the best ETA solar cells made of ZnO/TiO2 core–shell NW heterostructures
covered with a Sb2S3 shell grown by CSP, using 30, 50, 70, and 90 cycles, collected under dark (dashed
lines) and AM 1.5 G illumination (solid lines) conditions.
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Table 1. Photovoltaic properties of the ETA solar cells involving ZnO/TiO2 core–shell NW het-
erostructures covered with a Sb2S3 shell grown by CSP, using 30, 50, 70, and 90 cycles. The mean
values and standard deviations are given in brackets.

Cycle
Number

VOC (mV) JSC (mA/cm2) Rs (Ω·cm2) Rsh (Ω·cm2) FF (%) PCE (%)
No. of
Cells

30 605 (481 ± 49) 5.48 (4.80 ± 0.87) 16.0 (24.8 ± 5.3) 2784 (1394 ± 789) 60.2 (51.7 ± 3.2) 2.00 (1.22 ± 0.38) 12
50 530 (499 ± 32) 6.97 (6.51 ± 0.32) 22.9 (26.8 ± 3.9) 980 (681 ± 442) 46.9 (44.6 ± 4.3) 1.73 (1.46 ± 0.25) 9
70 502 (484 ± 56) 12.08 (10.90 ± 0.76) 15.2 (15.3 ± 1.5) 221 (343 ± 107) 46.7 (43.7 ± 2.2) 2.83 (2.32 ± 0.42) 10
90 399 (323 ± 94) 1.57 (1.38 ± 0.30) 84.9 (127 ± 38) 818 (630 ± 719) 43.8 (33.4 ± 8.5) 0.27 (0.16 ± 0.08) 16

Figure 9. Evolution of the VOC, JSC, FF, and PCE values of the ETA solar cells made of ZnO/TiO2

core–shell NW heterostructures covered with a Sb2S3 shell grown by CSP as a function of the cycle
number. Horizontal bars denote standard deviation.

The photovoltaic performances of the ETA solar cells involving the ZnO/TiO2/Sb2S3
core–shell NW heterostructures offer a clear trend of the dependence of its characteristics
on the Sb2S3 shell thickness. VOC is quite high, with a mean value above 400 mV when
the Sb2S3 shell is grown for 30, 50, and 70 cycles. The VOC mean value initially increases
from 481 to 499 mV as the cycle number is increased from 30 to 50, and then it decreases
continuously to 323 mV as the cycle number reaches a value of 90. The initial increase in
the VOC mean value is related to a more continuous and better crystallinity of the Sb2S3
shell when grown with a cycle number of 50, in turn decreasing the density of defects in
its bulk. The further decrease in the VOC mean value likely results from the two following
major reasons. First, we expect that the growth of a thicker Sb2S3 shell over high-aspect-
ratio ZnO NWs in an ETA solar cell results in the increase in the density of defects in
its bulk, as revealed in the cathodoluminescence spectra. Second, the spatial variance
of the thickness of the Sb2S3 shell is expected to appear as the spacings get narrower,
which further leads to the issue of incomplete immersion of P3HT into the gaps between
the ZnO NWs in the case of the largest Sb2S3 thickness at 90 cycles, as supported in
Supplementary Materials Figure S3. By performing an FESEM–EDX analysis over a given
rectangular area located on the cross-section of the ETA solar cells, it is revealed that the
Sb/Zn element ratio continuously increases as the Sb2S3 shell is thickened and, more
importantly, that the S/Sb element ratio gradually decreases toward a value of 1.7 as the
cycle number is increased to 90. This indicates that the amount of excess sulfur coming
from P3HT at a given thickness of the entire ETA solar cells strongly decreases down to a
S/Sb element ratio value close to 1.5, which is expected from the sulfur coming only from
the Sb2S3 shell. As such, the penetration depth of the P3HT is reduced by the thickening
of the Sb2S3 shell, raising the issue of a progressive incomplete immersion of P3HT as
the cycle number is increased from 30 to 90. Furthermore, it is well-known from ETA
solar cell studies that the uniformity of the thickness of the absorber shell is a critically
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important performance factor [3,55]. Consequently, the heterojunction quality worsens
as the cell conceptually changes by gradually transforming from the ETA cell type to a
3D cell type in which the active component is not a conformal shell anymore, leading to
the observed drop in the VOC. In contrast, the JSC mean value significantly increases from
4.80 to 10.90 mA/cm2 as the cycle number is increased to 70, which can be attributed to
an enhancement of the optical absorption that increases the charge carrier generation rate
thanks to the increase in the thickness of the Sb2S3 shell. However, the JSC mean value then
falls to 1.38 mA/cm2 as the cycle number reaches 90. In particular, as discussed above, at
larger cycle numbers to deposit the Sb2S3 shell, the increased density of defects in its bulk
induces more recombination while the ZnO NWs exhibit less gap space to accommodate
HTM, with both of them leading to poor charge carrier collection and extraction. In fact,
in order to reach the HTM in the ETA solar cells with a thick Sb2S3 shell and a poor HTM
coverage, the holes are expected to move along the Sb2S3 shell for as much as the length
of the core–shell NWs, in excess of 1000 nm, which is five times longer than the diffusion
length of charge carriers reported for Sb2S3 [87]. Recombination thus occurs before the
holes reach the HTM.

The calculated fill factor (FF) also decreases continuously from the mean values of
51.7 to 33.4% as the cycle number is increased up to 90; hence, its trend generally follows the
trend of the VOC. The series resistance (Rs) mean values are 24.8, 26.8, 15.3 and 127 Ω·cm2

for a cycle number of 30, 50, 70, and 90, respectively. This indicates that, at a cycle number of
70, the thickness of the Sb2S3 shell yields the lowest Rs, and increasing to a cycle number of
90 immediately causes an eightfold increase in Rs, as is apparent from the trend in JSC. The
shunt resistance (Rsh) mean values are 1394, 681, 343, and 630 Ω·cm2 for a cycle number of
30, 50, 70, and 90, respectively. Both Rsh and VOC decrease as the cycle number is increased.
Thus, the poor penetration of P3HT into the space between core–shell NWs combined with
the uneven thickness of the Sb2S3 coating could possibly cause a reduction in charge carrier
transfer from Sb2S3 to P3HT. Thereby, interface recombination is increased, leading to a
reduction in Rsh. In addition, Sb2S3 shells interconnecting at closely positioned core–shell
NWs could in turn cause shunting (i.e., short-circuits). Furthermore, the reduction of Rsh as
the cycle number is increased could also be due to the increased density of defects in the
bulk of the Sb2S3 shell. The PCE mean value of the ETA solar cells increases from 1.22 to
2.32% as the cycle number is increased from 30 to 70, and then it decreases drastically to
0.16% as the cycle number is further increased to 90. The evolution of the PCE mean value
is thus driven strongly by the evolution of the JSC mean value, along with that of the VOC
mean value to a lesser extent. The best ETA solar cell is obtained when the Sb2S3 shell is
grown for 70 cycles, with a maximum PCE of 2.83% (VOC = 502 mV, JSC = 12.08 mA/cm2,
and FF = 46.7%). The increase in the thickness of the Sb2S3 shell is favorably related to an
improvement of the optical absorption of visible photons generating more charge carriers,
but a balance must be found, as its further increase is liable to increase the density of defects
in its bulk and lead to the poor penetration depth of the HTM, both of which likely cause
the reduced hole collection. As the distance between bare core–shell NWs is constant, as
seen in Figure 1, a thicker absorber inevitably leads to a narrower and shallower space
between the core–shell NWs for the HTM to occupy. As a result, the penetration depth
of the HTM decreases at a larger Sb2S3 thickness, which is evident in the performance
drop above 70 cycles. The optimization of the Sb2S3 shell thickness thereby results in an
increase in the PCE value of over 0.5%, as compared to our first ETA solar cells reported
in Reference [55].

The EQE measurements of the best ETA solar cells made of ZnO/TiO2 core–shell NW
heterostructures covered with a Sb2S3 shell grown by CSP, using 30, 50, 70, and 90 cycles,
are reported in Figure 10, along with the absorptance and absorption coefficient of each
layer in Figure 11. By integrating the EQE spectra over the wavelength, the ideal JSC values
of 10.2, 9.7, 15.6, and 4.2 mA/cm2 for a cycle number of 30, 50, 70, and 90, respectively,
corresponding to the best samples reported in Table 1, were obtained, and, as a trend,
they are in relative agreement with the JSC values deduced from the J–V measurements
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under AM 1.5 G illumination condition. The JSC value calculated from EQE measurements
is overall higher than that calculated from J–V curves, probably due to fundamental
differences in illumination intensities for both techniques. There exists a clear positive
offset in favor of the values calculated from the EQE data, which were collected by using
monochromatic low-intensity light scans. At low illumination intensities, the PCE value
(and, thus, the JSC value when normalized to the light intensity) is expected to be higher, as
already demonstrated for a planar analogue of this type of cell [88].

Figure 10. (a) EQE vs. wavelength and (b) normalized EQE to its value at 400 nm vs. wavelength of
the best ETA solar cells made of ZnO/TiO2 core–shell NW heterostructures covered with a Sb2S3

shell grown by CSP, using 30, 50, 70, and 90 cycles. The dotted lines are a guide-to-the-eye, lying
roughly between the absorption onset of P3HT at 650 nm on one side, and the absorption maximum
of P3HT, at 525 nm, on the other side.

Figure 11. Absorptance (solid lines) of the best ETA solar cells made of ZnO/TiO2 core–shell NW
heterostructures covered with a Sb2S3 shell grown by CSP, using 30 and 70 cycles, and topped by
P3HT. Absorption coefficient, α (dashed lines), of each layer and of the expected additional phase
(a-Sb2S3) in the ETA cell. The absorption coefficients of P3HT and amorphous Sb2S3 (a-Sb2S3) were
elevated above crystalline Sb2S3 (c-Sb2S3) and P3HT, respectively, to illustrate the cumulative effect
of each added layer on the optical density of the ETA cell.
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The EQE value at around 650 nm, attributed solely to Sb2S3, as neither P3HT nor any
of the other layers in the core–shell NWs absorb light in this region [89], as further shown
in Figure 10, increases from 38.7% to 46.1%, peaking at 90.6% as the Sb2S3 shell is grown
for a cycle number increasing from 30 to 70, and then falls to 28.0% for a cycle number of
90. As the cycle number is increased, the EQE at 380–500 nm steadily decreases, as seen
in Figure 10a. EQE could decrease in this region because the holes generated by visible
photons with a low penetrating depth (25–50 nm based on the absorption coefficient of
Sb2S3 in this range [88]) have to move through a thicker Sb2S3 shell to reach the HTM.
However, as the EQE in this region is higher at a cycle number of 70 vs. 50, it is more likely
that the trend is related to the shift in the position at which photons are absorbed in the
stack relative to the ITO and Au contacts. The issue of hole collection and extraction is
further amplified when the Sb2S3 shell is grown for a cycle number larger than 70, due to a
non-conformal HTM coating, or even the absence of any HTM coating originating from the
decreased gap size as discussed earlier. In contrast, the EQE at 550–720 nm increases as the
cycle number is increased, peaking at 70 cycles, thanks to the increased optical absorption
in the thicker Sb2S3 shell, whereas enough space still remains for P3HT to penetrate to the
deepest parts of the ETA solar cell. Finally, at 90 cycles, the Sb2S3 shell is already so thick
that recombination dominates owing to the poor P3HT penetration, and the entire EQE
spectrum has plummeted in intensity. The EQE normalized to the high-energy-absorption
edge in Figure 10b illustrates the proportional increase of optical absorption in the low-
energy region as the cycle number is increased. The dotted line shows the perceived EQE
loss due to the parasitic absorption in the P3HT, as well-established in earlier reports [43],
fitting the shape of its absorption that peaks at around 600 nm. As the cycle number is
increased, the EQE loss due to the parasitic absorption seems to decrease and span across a
smaller wavelength range. This can be explained by a decreasing amount of light reaching
the P3HT, as a thicker Sb2S3 shell absorbs more incident light at the 550–720 nm wavelength
range. Evidently, further gains in JSC and PCE values could be achieved for this type of
ETA solar cell by making use of a UV–vis transparent HTM to prevent parasitic absorption.

The recapitulated photovoltaic performances of the nanostructured solar cells involv-
ing the heterostructures made of ZnO NWs and Sb2S3, as a comparison with this work, are
presented in Table 2. Most of the reported data involve the core–shell configuration at the
expense of the fully impregnated configuration, as defined in Reference [3], owing to its
higher potential to benefit from the advantages of integrating ZnO NWs in the architecture.
In comparison with our previous results in Reference [55], the JSC value of the best device
significantly increased from 7.5 to 12.08 mA/cm2, while the VOC value decreased from
656 to 502 mV, at a similar FF value of 47%, resulting in an increase in the PCE from 2.3% to
2.83% (Tables 1 and 2). The VOC and JSC values thus govern the PCE variation in the present
study. As shown in Reference [55], the VOC value primarily stems from the use of the TiO2
passivating layer and P3HT HTM, with minor contribution from the added Sb2S3 shell. In
contrast, the JSC value is mainly driven by the Sb2S3 absorber shell. Moreover, it is known
that longer ZnO NWs as the ETM generally result in a proportionally larger JSC value,
with a small decrease in the VOC value due to added interfacial recombination [90]. Thus,
the increase in the JSC value in the current development, as compared to Reference [55],
originates from the use of slightly longer ZnO NWs (998 ± 115 nm vs. 900 nm), as well
as the enhanced quality and increased thickness of the Sb2S3 absorber shell. In contrast,
the decrease in the VOC value can partially stem from the small increase in the length of
ZnO NWs. It should be noted that the recent development of nanostructured solar cells
with liquid electrolyte as the HTM has emerged as an alternative to the ETA solar cells
with P3HT as the HTM. The direct comparison shows that the JSC values are so far less in
these solar cells, which, however, reveal higher FF values. They further raise the problem
of stability with time, as in the case of dye-sensitized solar cells, for which the quality of
the interface between the inorganic materials and liquid electrolyte still represents a major
issue. In that respect, the introduction of an interlayer, such as ZnS [54] and TiO2 [55]
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between the ZnO NWs and Sb2S3 shell when grown by chemical deposition techniques,
appears as a typical route to further optimize the architecture of these ETA solar cells.

Table 2. Recapitulated photovoltaic properties of the nanostructured solar cells involving the het-
erostructures made of ZnO NWs and Sb2S3 in the fully impregnated or core–shell configurations
according to the definition used in Reference [3].

Materials Architecture Sb2S3 shell HTM VOC (mV) JSC (mA/cm2) FF (%) PCE (%) Reference

ZnO/Sb2S3 Full impregnation Thermal evaporation P3HT 450 16.0 40 2.9 [53]
ZnO/ZnS/Sb2S3 Core–shell Chemical conversion P3HT 440 5.57 54 1.32 [54]
ZnO/TiO2/Sb2S3 Core–shell CSP P3HT 656 7.5 47 2.3 [55]

ZnO/Sb2S3 Core–shell CBD Electrolyte 438 1.46 31 0.20 [57]
ZnO/Sb2S3:Cu Core–shell SILAR Electrolyte 580 9.18 59 3.14 [58]

ZnO/Sb2S3 Core–shell SILAR Electrolyte 586 7.02 59 2.43 [59]
ZnO/Sb2S3 Core–shell SILAR Electrolyte 582 5.91 59 2.04 [60]

ZnO/TiO2/Sb2S3 Core–shell CSP P3HT 502 12.08 46.7 2.83 This Work

These findings show that the dimensional optimization of all the components in
the ZnO/TiO2/Sb2S3 core–shell NW heterostructures is crucial to further improve the
photovoltaic performance of the related ETA solar cells, while the issue of the HTM is
capital to properly collect the charge carriers, specifically the holes. It is foreseen that,
by carefully varying the length and aspect ratio of ZnO NWs, as well as the spacing
between them, a larger amount of absorber could be incorporated in the core–shell NW
heterostructures in a way that the gaps between the core–shells are not absorber-filled, thus
promoting a more uniform HTM coating and preserving the integrity of the ETA concept.
Moreover, the application of an HTM, which is more transparent in the visible range, could
further increase the JSC value to boost the PCE. To accommodate the thicker Sb2S3 shell,
detrimental interconnections between the core–shell NW individual heterostructures must
be eliminated by growing each ZnO NW perpendicular to the substrate and parallel to
adjacent ZnO NWs in a more optimized arrangement. On the other end, at the extremely
low absorber thicknesses, elevated crystallization temperatures are liable to cause materials
and technological issues when the substrate cannot handle the elevated thermal load and
should be taken into account when modeling and designing experiments.

4. Conclusions

In summary, we investigated the effect of the thickness of the Sb2S3 shell by varying the
cycle number from 30 to 90 during the CSP process on the structural and optical properties
of the ZnO/TiO2/Sb2S3 NW heterostructures, along with the photovoltaic performance
of ETA solar cells, using P3HT as the HTM. By growing the Sb2S3 shell at the moderate
temperature of 210 ◦C, using the CSP process, the Sb2S3 shell was found to be of high purity
and free of the unwanted senarmontite Sb2O3 phase. This represents a strong advantage of
the CSP process over the CBD process. The limitations at both the low and high end of Sb2S3
shell thicknesses from a couple of nanometers to several tens of nanometers were discussed
in detail. The low end is limited by challenges in the crystallization of the Sb2S3 shell that
is amorphous at nanoscale dimensions, resulting in the low optical absorption of visible
photons. In contrast, the high end is limited by the increased density of defects in the bulk
of the Sb2S3 shell, degrading charge carrier dynamics, and by the incomplete immersion of
the P3HT in the structure, resulting in the poor hole collection. The best ETA solar cell with
the intermediate optimum thickness of the Sb2S3 shell shows a JSC of 12.1 mA/cm2, a VOC
of 502 mV, and a PCE of 2.83%. These findings deepen the knowledge of the advantages
and limitations of the architecture of ETA solar cells through materials and technological
issues, further emphasizing the intricate nature of any dimensional optimization in the
structure as a major challenge to boost their overall photovoltaic performance.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/nano12020198/s1. Figure S1: Typical top-view FESEM image of
ZnO/TiO2 core–shell NW heterostructures without any Sb2S3 shell, Figure S2: High-magnification
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cross-sectional view FESEM image of ZnO/TiO2 core–shell NW heterostructures covered by a Sb2S3
shell grown by CSP, using 70 cycles, Figure S3: (a) Cross-sectional view FESEM image of the complete
ETA solar cell structure of ITO/ZnO/TiO2/Sb2S3/P3HT/Au when using the cycle number of 70,
(b) FESEM-EDX spectra collected on the yellow rectangular area as denoted in (a), (c) Element ratio
as a function of the cycle number ranging from 30 to 90, Table S1: In-plane XRD data recapitulating
the nature and position of the diffraction peaks in this work, as compared to the 00-042-1393 ICDD
file, Table S2: Raman scattering data recapitulating the nature and position of the Raman lines in
this work.
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Abstract: Electron and hole transport layers (ETL and HTL) play an essential role in shaping the
photovoltaic performance of perovskite solar cells. While compact metal oxide ETL have been
largely explored in planar n-i-p device architectures, aligned nanowires or nanorods remain highly
relevant for efficient charge extraction and directional transport. In this study, we have systematically
grown ZnO nanowires (ZnO NWs) over aluminum-doped zinc oxide (AZO) substrates using a
low-temperature method, hydrothermal growth (HTG). The main growth parameters were varied,
such as hydrothermal precursors concentrations (zinc nitrate hexahydrate, hexamethylenetetramine,
polyethylenimine) and growing time, in order to finely control NW properties (length, diameter,
density, and void fraction). The results show that ZnO NWs grown on AZO substrates offer highly
dense, well-aligned nanowires of high crystallinity compared to conventional substrates such as FTO,
while demonstrating efficient FACsPb(IBr)3 perovskite device performance, without the requirement
of conventional compact hole blocking layers. The device performances are discussed based on NW
properties, including void fraction and aspect ratio (NW length over diameter). Finally, AZO/ZnO
NW-based devices were fabricated with a recent HTL material based on a carbazole moiety (Cz–Pyr)
and compared to the spiro-OMeTAD reference. Our study shows that the Cz–Pyr-based device
provides similar performance to that of spiro-OMeTAD while demonstrating a promising stability in
ambient conditions and under continuous illumination, as revealed by a preliminary aging test.

Keywords: ZnO; nanowires; AZO; hydrothermal growth; perovskite solar cell

1. Introduction

In recent years, several emerging photovoltaic (PV) technologies raised a growing
interest in terms of light-weight, cheap process, and high efficiency. Among them, hybrid
solar cells using organic–inorganic metal halide perovskites has become one of the most
promising topics in material science in the past few years [1,2]. Perovskite photovoltaics
studies were triggered by the report on the 9.7% efficient solid-state perovskite solar cell
(PSC) in 2012 [2,3]. PSCs composed of organic–inorganic metal halide perovskite have made
impressive progress in only a few years, surpassing in efficiencies some well-established
thin-film technologies such as CIGS or amorphous silicon [4,5]. In all cases, an electron
transport layer (ETL) is used to selectively collect photogenerated electrons from the per-
ovskite absorber layer while blocking holes [2]. The nature of the ETL is also crucial for the
perovskite crystallization in n-i-p architectures. Considering the optimum specifications of
any ETL (high optical transmission for the solar spectrum, suitable electronic configuration
with regard to the perovskite for efficient electron extraction, suitable photo- and thermal
stability, cheap processing at low temperature < 150 ◦C, etc.), many organic and inorganic
materials have been proposed as a powerful lever to improve the electrical behavior of PSC
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under working conditions [6–9]. Among inorganic compounds, titanium dioxide (TiO2) is
a best-seller ETL material, widely used for efficient PSCs [10–13]. The appropriate bandgap,
high transmittance, and low toxicity of TiO2 guarantee a high selectivity for electrons,
despite a relatively high processing temperature required to achieve highly crystalline
layers. This high-temperature annealing step limits its application for flexible devices and
increases the production cost [14]. On the other hand, ZnO was largely considered as a
good alternative to TiO2 for PSCs since it shows energy levels and physical properties
similar to those of TiO2, but is more easily processed from solution and at low temperature
to achieve structures of different morphologies. Moreover, the intrinsic properties of ZnO
thin films and nanostructures can be adjusted by manipulating their morphology, doping,
and structural composition [6,15–18].

Recent studies on ZnO-based PSCs have demonstrated high efficiencies and provided
many new concepts [11,14]. The increased interest aroused by nanomaterials in ZnO has
been largely motivated by its excellent electrical and optoelectronic properties in the bulk,
in particular a wide direct forbidden band (3.37 eV) [19], high exciton binding energy
(60 meV) [20], and high electronic mobility (200–300 cm2/Vs) [21]. A wide variety of
ZnO-based structures, such as nanoparticles [11,22], nanowires [23], nanotubes [24], and
nanobeads [25], were demonstrated. Nevertheless, ZnO nanoparticles suffer from relatively
modest electron transport and high charge recombination due to the presence of numerous
grain boundaries and surface defects. In this context, monocrystalline ZnO nanorods
provide an easy path for charge transfer due to the absence of grain boundaries, which can
delay or inhibit charge recombination [26].

Consequently, in ongoing research efforts for the miniaturization of electronic devices,
near-dimensional (1D) ZnO nanowires (NWs) have proven to be potential candidates for
ETL due to their unique properties, such as a high electromechanical coupling factor and a
better charge injection/extraction at the metal level [27]. Varieties of bottom-up approaches,
including pulsed laser ablation [28], flame transport approach [29], vapor-liquid–solid
process [30], hydrothermal deposition [31–33], were exploited for the synthesis of 1D ZnO
NWs. However, most techniques are limited by a high temperature, which cannot be
scaled up at a very low cost. The need for an industrially scalable low-temperature method
has led to important developments of the hydrothermal growth (HTG) process. HTG is a
simplistic, environmentally friendly, cost-effective, straightforward, and low-temperature
process (i.e., below 100 ◦C) in which a 1D monocrystalline material can be produced on
various substrates, including plastics and textile fibers [34]. High-density ZnO NWs ori-
ented perpendicularly to the growth substrate have been often reported using the HTG
method, for a broad range of applications [35–37]. However, only a few papers have
explored the complex relationships between NW density, aspect ratio (NW length over di-
ameter), and alignment on their electronic properties, especially for applications in the field
of PSC [36,37].

Coming back to the field of perovskite solar cells, the use of ZnO nanostructures as
ETL is associated with detrimental degradation mechanisms. Perovskite-based materials
are known to be sensitive to water and oxygen in the air but thermally stable under certain
conditions [38]. However, according to early reports [24], perovskite materials such as
methylammonium lead iodide (CH3NH3PbI3 or MAPI) deposited on ZnO is found to
decompose rapidly during heat treatment. Such a phenomenon is not observed between
TiO2 and MAPI. This behavior is mainly attributed to the different surface properties of
ZnO and TiO2 nanomaterials. The TiO2 surface exhibits a low acidity, while the ZnO
surface usually exhibits a basic behavior. Once perovskite is brought into contact with ZnO,
there is a deprotonation reaction against the methylammonium cation, which is the basis of
instability, and this hypothesis has been proven by theoretical calculations [24].

Another important reason for instability is the presence of chemical residues from
manufacturing processes. Materials based on ZnO, in particular nanomaterials used
for PSCs, are generally synthesized from chemical methods in solution, which tend to
inevitably leave chemical residuals at the final material surface after synthesis. According to
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Yang et al. and Cheng et al. [24,39], hydroxyl groups and residual acetate in the growth
solution exacerbate the degradation of the subsequent deposited perovskite layer. Indeed,
the ZnO materials synthesized by the solution process are not completely oxidized, and
the surface of the obtained ZnO nanomaterials are covered with oxygenated chemisorbed
species such as hydroxide, which could break the ionic interaction between CH3NH3

+

and PbI3
− and destroy the crystal structure of MAPbI3 sequentially. This process can be

explained by the formula of the following reaction:

OH− + CH3NH3I → CH3NH3OH + I−

CH3NH3OH → CH3NH2 + H2O (heating)

Snaith et al. revealed that the cause of instability of the ZnO/perovskite interface is de-
protonation of the methylammonium cation, leading to the formation of zinc hydroxide [40].
Based on this discovery, they replaced the MA cation with formamidinium (FA) of lower
acidity, mixed with cesium cations in devices containing ZnO treated at low temperature
(120 ◦C). The stability of the ZnO/perovskite was greatly improved, and an overall power
conversion efficiency (PCE) of 21.1% was obtained for the corresponding devices.

In this picture, it is clear that the morphology of the photoanode material plays an
important role on the PV performance of ZnO-based PSCs. Achieving well-aligned ZnO
nanowires of optimized NW density (number of NWs per unit area) that can efficiently
interact with the active layers by preventing charge recombination is a relevant objective to
improve device operation. The perovskite infiltration, which should also ensure an optimal
light-harvesting ability, is also a crucial parameter. Several groups have demonstrated
perovskite solar cells based on such ZnO NW electrodes, which shows that the main growth
parameters, such as hydrothermal precursor ratios and growing time, and growth solution
concentration, significantly influence NWs’ properties (i.e., NW length, diameter, density,
and morphology) [41–46] and the device PV performances [17,23,47].

In this paper, ZnO nanowires grown on aluminum-doped ZnO (AZO) substrates by
HTG method are carefully investigated with regard to the specific application as ETL in
n-i-p perovskite solar cells. While the application drives specific features for efficient charge
extraction, we first demonstrate that the use of AZO as growing substrates does not require
any additional compact or seed layer for their growth, leading to a simplified fabrication
process and device architecture. We then systematically investigate the influence of the
main ZnO NW growth parameters, such as hydrothermal precursor concentration and
growing time, on the NW properties, before discussing the impact on the performance
of perovskite solar cells fully prepared under ambient conditions. Finally, optimized
ZnO NW arrays deposited on AZO are combined with a novel carbazole hole transport
material derivative (Cz–Pyr as HTL), demonstrating promising performance compared to
the reference spiro-OMeTAD.

2. Experimental Details

2.1. Materials

Commercial AZO-coated glass substrates were purchased from MSE Supplies (Tuc-
son, AZ, USA). Zinc nitrate hexahydrate Zn(NO3)2.6H2O (98%), hexamethylenetetramine
(HMTA) (CH2)6N4 (>99.5%) purchased from Sigma-Aldrich (St. Louis, MI, USA), and
polyethylenimine branched (PEI) (average Mw ~25,000) from Sigma-Aldrich, also used as
received. These materials were used for the preparation of ZnO NWs. The deposition of
ZnO seed layer was done with physical vapor deposition (PVD) equipment (Plassys MP
550 S, Marolles-en-Hurepoix, France). A tubular furnace (Thermolyne 79300, Dubuque, IA,
USA) was used for the ZnO seed layer annealing treatment. A stainless-steel autoclave
was used to operate the synthesis of ZnO NWs. For perovskite solar cells: Formamidinium
iodide (FAI) (≥90%, GreatCell Solar, Queanbeyan, Australia), cesium iodide (CsI) (99.9%,
trace metals basis, Sigma Aldrich, St. Louis, MO, USA), lead iodide (PbI2) (99%, Sigma
Aldrich), lead bromide (PbBr2) (≥90%, Sigma Aldrich), tin oxide nanoparticle colloidal
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solution (SnO2) (15% in H2O colloidal dispersion, Alfa Aesar (Haverhill, MA, USA)),
spiro-OMeTAD (99% HPLC, Sigma Aldrich), 4-tert-butylpyridine (96%, Sigma Aldrich),
chlorobenzene (CB, anhydrous, 99.8%, Sigma Aldrich), N-N dimethylformamide (DMF,
anhydrous, 99.8%, Sigma Aldrich), dimethyl sulfoxide (DMSO anhydrous, ≥99.9%, Sigma
Aldrich), acetonitrile (anhydrous, 99.8%, Sigma Aldrich), diethyl ether (DE, ≥99.5%, GC,
Sigma Aldrich).

2.2. ZnO Nanowire Growth

ZnO nanowires were synthesized on all kinds of substrates via the hydrothermal
growth route [48]. All the substrates, except AZO, were precoated by a ZnO seed layer
(50 nm) prepared by radio-frequency sputtering during 16 min at 65 Watts and under a
pressure of 5 mTorr in an argon atmosphere. Then, a thermal treatment was performed
at 400 ◦C for 1 h in air through a horizontal quartz tubular furnace. The hydrothermal
synthesis of ZnO NWs was carried out in the stainless-steel autoclave. Two clear and
transparent fresh stock solutions of Zn(NO3)2 and HMTA were separately prepared in
distilled water (DI), as well as a PEI solution. The concentrations of each solution were
adjusted for each specific case, as described in the next sections. To hydrothermally grow
the ZnO NWs, the autoclave was filled with the solutions following this order: zinc nitrate
hexahydrate and HMTA, and PEI before stirring. The substrates were tilted against the
walls to prevent the precipitation of homogenous nucleated ZnO on the seed layer surface.
After hermetically sealing the autoclave in order to avoid evaporation, the temperature
was maintained at 90 ◦C during the growth process. Finally, the samples were rinsed
with distilled water and dried under airflow. Then, thermal treatment was performed
on the ZnO NW coated samples at 450 ◦C for 30 min in air through a horizontal quartz
tubular furnace.

2.3. Perovskite Solar Cells Fabrication

The FA0.85Cs0.15Pb(I0.85Br0.15)3 precursor solution was prepared by mixing FAI (0.1463 g),
PbI2 (0.392 g), PbBr2 (0.0554 g), CsI (0.039 g), and DMSO (78 μL) in the DMF (600 μL), which
was spread on the substrate and spun at 4000 rpm for 30 s [49]. While spinning, diethyl ether
was dripped to induce adduct intermediate by eliminating DMF. The as-coated perovskite
film was annealed at 100 ◦C for 20 min. The spiro-OMeTAD solution was prepared by
dissolving 36.6 mg of spiro-OMeTAD in 0.500 mL chlorobenzene. Classical additives were
added to the spiro-OMeTAD solution, namely 8.75 μL LiTFSI (520 mg in 1 mL acetonitrile)
and 14.4 μL tBP. Then, the spiro-OMeTAD layer was formed by spin coating at 3000 rpm
for 30 s on top of the perovskite active layer. For comparison, an alternative hole transport
layer made of 3,6-Bis[N,N′-di(4-methoxyphenyl)amino]-9-(1-pyrenyl)carbazole (Cz–Pyr)
was prepared by dissolving 49 mg Cz–Pyr in 0.500 mL chlorobenzene, where 8.75 μL
LiTFSI and 14.4 μL tBP were added. Cz–Pyr HTL was recently demonstrated as a relevant
alternative to spiro-OMeTAD, leading to similar photovoltaic performance [50]. Finally,
an Au electrode (~100 nm) was deposited by using thermal evaporation under secondary
vacuum through a shadow mask, defining the active area of the cell (>0.22 cm2).

2.4. Characterization Techniques

The surface morphology of the ZnO NWs was measured using a field emission
scanning electron microscope (SEM, Hitachi S-4800). Lengths were measured using cross-
sectional SEM images, while diameters were estimated using top-view images. The average
NW dimensions (length and diameter), the NWs’ density, and the void fraction were
calculated from simple SEM image analysis through the ratio of the surface occupied by
ZnO to the total surface of the substrate. Average values were obtained from measurements
made on a large number of ZnO nanowires on a single AZO substrate. The current
density–voltage (J–V) characteristics of photovoltaic devices were measured in ambient
air (25–35 ◦C) on unencapsulated devices using a solar simulator (1600 W NEWPORT)
equipped with an AM 1.5 G filter and a source meter (Keithley 2400). The active area of
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the devices was defined by a masked aperture of approximately 0.22 cm2, and spectral
mismatch correction was systematically applied, and all the characterizations were carried
out in ambient air without encapsulation (moisture level of 55–60%). Several devices (>3)
presenting comparable features have been characterized in each case, both in forward and
reverse scans (simply FS and RS, voltage scan in the order of 50 mV/s), in order to extract
the dispersion of performance. The shunt and series resistances (simply—RSh and RS) were
extracted from the simple estimation of the J–V curve slopes in the open- and short-circuit
conditions, assuming RSh 	 RS. The external quantum efficiency (EQE or IPCE) was
measured under steady-state conditions using a continuous monochromated xenon lamp
and a calibrated pico-amperemeter (Keithley 485). A reference silicon photodiode of known
spectral sensitivity was used for EQE calibration.

3. Results and Discussion

Hydrothermal growth was used to synthesize ZnO NWs electrodes subsequently
integrated into PSCs (see experimental section). The growth parameters (growing time,
precursor’s concentration, and growth temperature) were varied to identify the optimal
features in the context of the photovoltaic application. We remind below the specific mech-
anisms involved during the ZnO NW formation on a ZnO-based growing substrate (either
on AZO or ZnO seed layer), which can be summarized by the following equations [51,52]:

C6H12N4 + 6H2O −→ 4NH3 + 6HCHO (1)

NH3 + H2O −→ NH4
+ + OH− (2)

Zn2+ + 4OH− −→ Zn(OH)4
2− (3)

Zn(OH)4
2− −→ ZnO + H2O + 2OH− (4)

During hydrothermal growth, ZnO NWs develop following a series of reactions
(Equations (1)–(4)). HMTA is initially hydrolyzed with heat, forming formaldehyde
(HCHO) and NH3 (Equation (1)). HCHO does not participate directly in the growth
of NWs but reacts indirectly, as will be explained in the following parts. Then, NH3
protonates, producing OH− ions (Equation (2)). The Zn2+ ions formed following the solu-
bilization of Zn(NO3) react with the OH− ions to form Zn(OH)4

2− (Equation (3)), which
dehydrates, leading to the direct crystallization of ZnO (Equation (4)). Certain milky white
precipitation from homogeneous nucleation is present in the reaction medium. This will be
explained in the following parts. Finally, the samples are rinsed with distilled water and
dried under airflow.

In the following sections, we first discuss the influence of the growing substrate before
focusing on ZnO NW forest grown on AZO to systematically point out the influence of
the growth parameters on the NW properties and associated photovoltaic performance
of devices.

3.1. Photovoltaic Performance as a Function of Growing Substrate and ETL

We all know that the solar cell performance does not solely depend on any layer (i.e.,
TCO, ETL, Absorber, HTL, or electrode) because in order to get a high power conversion
efficiency, each layer arrangement in the device is crucial without any defects. Usually, most
state-of-the-art PSCs are based on SnO2-ETL on which the perovskite can be grown [53].
The ETL plays a role in the extraction of the negative charge carriers to the cathode and
also strongly impacts the perovskite active layer morphology as well as the quality of the
ETL/perovskite interface. The ETL also brings a specific processing step that has to be
taken into account for large-scale developments. In the case of ZnO NWs, the hydrothermal
growth required a starting ZnO seed layer, which can be formed by various techniques
on different substrates, including conventional FTO-coated glass [41,54–56]. However,
zinc–oxide-based transparent electrodes such as AZO have been suggested to potentially
act as efficient seed layers [48,57,58]. For these reasons, the performance of devices based

127



Nanomaterials 2022, 12, 2093

on NW grown on different substrates have been compared: FTO/compact ZnO (referred as
ZnOc) or bare AZO (both without ETL). We also include comparison with planar devices
based on various ETL without NW: FTO/SnO2, AZO/ZnOc, or AZO/SnO2. NW-based
devices were processed from NWs grown using a set of reference experimental parameters
(precursor concentration ratio of Zn(NO3)2 to HMTA and PEI fixed to [Zn2+]/[HMTA] = 1
and [Zn2+]/[PEI] = 300, growing time of 6 h and 15 h), which will be subsequently tuned
in the next sections of this article on the best performing substrate. After NW-based ETL
deposition, the mixed cation halide perovskite active layer FA0.85Cs0.15Pb(I0.85Br0.15)3 was
deposited from the solution before the spiro-OMeTAD HTL and gold top electrode (see
full procedure in the experimental section). Avoiding methylammonium was necessary
in order to prevent the rapid degradation of the ZnO/perovskite interface, as discussed
in the introduction section. The photovoltaic parameters, extracted from current–voltage
characteristics recorded under simulated standard illumination (Figure S1), are given as
supporting information in Table S1. First, we observe that the classical planar architecture
based on the FTO/SnO2 ETL is associated with the highest performance (up to nearly 14%
efficiency, considering that no passivation strategies are used), as reported in previous
work [49,59]. Besides, a clear S-shape in the J–V curve (reverse scan) is observed for
AZO/SnO2 device (Figure S1b), which is not the case of any devices based on ZnO ETLs
(neither compact layer nor NWs). This observation is consistent with previous reports
made in the literature, emphasizing that the AZO/ZnO interface can easily generate an
ohmic contact due to the inherent nature of the materials in both cases (zinc oxide), which
facilitates charge extraction [60]. The electrical characteristics of the AZO/SnO2-based
device suggest a strong limitation for charge extraction at this interface, which is not the
case of the reference devices fabricated on fluorinated tin oxide (FTO) substrates. In Figure
S1b, we clearly observe that the presence of the ZnO NW is required to achieve reasonable
current densities up to ~20 mA cm−2, which remain reduced with regard to the FTO/SnO2
reference. This observation can be associated with a better charge extraction efficiency
generally attributed to NWs compared to compact layers, which agrees with previous
reports [61,62]. However, a much lower open-circuit voltage (Voc) has been observed for
ZnO-based devices compared with SnO2 ETL devices (Figure S1b). This could be due to the
inherent recombination losses associated with the ZnO/perovskite interface. Overall, on
AZO substrate better device performances are displayed with ZnO NWs electrode rather
than compact layers made of ZnO or SnO2 (see Figure S1b and Table S1), especially due
to a favorable electrical contact with the electrode and to the positive influence of the NW
aspect ratio on charge extraction (clearly evidenced through a much lower series resistance
for the AZO/ZnO-NW device with regard to the other AZO-based devices). These results
clearly demonstrate the relevance of using bare AZO electrode to grow the NW, which, in
addition, strongly simplify the overall fabrication protocol of the devices. This growing
substrate has been chosen for the following studies. However, a low shunt resistance and
fill factor suggest room for improvements as a function of NW properties. In the following
sections, we will explore the influence of the precursor concentration and growing time
of the NW related to the properties. These devices, made of ZnO NW grown on AZO
substrates, will be discussed in terms of achieved PV performances.

3.2. Influence of ZnO NWs’ Growing Time

Figure 1 shows the SEM images of samples prepared with different growing times
from 2 h to 15 h (i.e., 2 h, 4 h, 6 h, and 15 h) with fixed precursor concentration ratio of
Zn(NO3)2 to HMTA and PEI (([Zn2+]/[HMTA] = 1), [Zn2+]/[PEI] = 300). The average NWs’
dimensions (length and diameter), the NWs’ density, and the void fraction are summarized
in Table 1.
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Figure 1. SEM images of ZnO NWs grown on AZO substrate during (a) 2 h, (b) 4 h, (c) 6 h, and
(d) 15 h with fixed precursor concentration ratio of Zn(NO3)2 to HMTA and PEI ([Zn2+]/[HMTA] = 1,
[Zn2+]/[PEI] = 300), respectively. All images are at the same scale (scale bar = 1 μm).

Table 1. Morphology of ZnO NW grown on AZO substrate depending on the growing time. In all
cases, the concentration of Zn(NO3)2 precursor solution was 50 mM, and the Zn(NO3)2 to HMTA
and PEI ratios were defined as [Zn2+]/[HMTA] = 1 and [Zn2+]/[PEI] = 300.

Growing Time
Length (L)

(μm)
Average Diameter (d)

(nm)
Density (D)
(NW/μm2)

Void Fraction
(%)

2 h 0.1 - - -

4 h 0.3 - - -

6 h 0.4 127 53 ~28

15 h 1.3 165 29 ~58

Considering the length of the NWs, the growing time parameter has an important
impact, and we can see the quite different morphological behavior, especially in the NWs’
length, diameter, and void fraction values (Table 1). Indeed, the length increases from 0.1 to
1.3 μm by increasing the growing time from 2 h to 15 h. In addition, the growing time also
has an influence on the NW density. For short growing times (i.e., 2 h and 4 h), very dense
arrays are obtained, and the NWs are largely interconnected in the plane of the substrate
(Figure 1a,b). As a result, no significant void fraction could be measured at such a short
growing time. For a longer growing time (6 h and 15 h), a larger axial growth led to an
increase in the void fraction from 28% to 58%, respectively. Consequently, a decrease of
the NW density as a function of the growing time is clearly evidenced, while the average
diameter of the NWs also increased from 127 nm after 6 h to 165 nm after 15 h, but at a
much slower rate than the length, which is attributed to the presence of PEI hindering only
the lateral growth of the ZnO NWs [63].

Considering the global morphology of the obtained ZnO NW arrays, we focused
on samples grown for 6 h and 15 h to fabricate n-i-p perovskite solar cells of structure
glass/AZO/ZnO NW/perovskite/spiro-OMeTAD/Au. Arrays grown at shorter times
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(i.e., 2 h and 4 h) did not enable a suitable perovskite deposition, making the investigations
unworthy (not shown here). The UV–visible absorption and transmittance spectra of
bare AZO, AZO/ZnO NW (6 h and 15 h), before and after perovskite deposition are
presented as Supplementary Materials (Figure S2). A slight decrease in transmittance is
observed after NW growth compared to bare AZO substrate, with transmission over 85%
in the visible spectrum in all cases. After the perovskite deposition, a broad and intense
absorption extending up to the near-infrared is observed, which is typical of the perovskite
material used in this work. We note that a smaller absorption seems to be observed on the
longer NW grown for 15h, which seems to indicate a difficulty for perovskite deposition in
this case.

Figure 2 shows the forward and reverse scan (FS and RS, respectively) current–voltage
characteristics under simulated solar illumination (AM1.5G, 100 mW cm−2) of devices
based on ZnO NW arrays as a function of growing time. We can clearly understand that
it is challenging to get the consistent solar cell performance, even with the same batch
of samples (see Figure S3 and Table S2), due to several factors such as interface defects,
layer arrangement, perovskite infiltration, voids/pinholes, etc. Only champion cells are
presented here, but several devices were characterized in each case (see Supplementary Ma-
terials, Figure S3 and Table S2), showing similar trends, and the corresponding photovoltaic
parameters are presented in Table 2.

Figure 2. J–V characteristics under 1 sun of perovskite solar cells (best device) based on ZnO NW
arrays grown on AZO for 6h and 15h, respectively.

Table 2. Photovoltaic parameters of perovskite solar cells fabricated as a function of ZnO NW array
growing time. The concentration of Zn(NO3)2 precursor solution was 50 mM, and the Zn(NO3)2 to
HMTA and PEI ratios were defined as [Zn2+]/[HMTA] = 1 and [Zn2+]/[PEI] = 300.

Growing Time
Jsc

(mA cm−2)
Voc
(V)

FF
PCE
(%)

Rsh

(Ω)
Rs

(Ω)

6 h 16.1 0.64 0.47 4.9 1400 70

15 h 4.2 0.32 0.46 0.6 1200 130
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Both cells are showing a clear photovoltaic effect with reduced hysteresis. Clearly, a
longer growing time (15 h) is detrimental to device efficiency, mainly through reduced Jsc
and Voc values. Such observation seems consistent with the optical absorption measure-
ments, as a reduced light-harvesting efficiency for the device based on the long NW was
evidenced. It can suggest a more difficult crystallization for perovskite, which in turn leads
to poor photovoltaic parameters (poor photocurrent). The SEM cross-section image of a
device based on the short NW grown for 6h supports this assumption (see Supplementary
Materials, Figure S4), as a well-defined sandwiched structure is observed, with the presence
of compact perovskite grains on the ZnO NWs array. This performance variation between
6 h and 15 h devices might be due to the huge gap between nanowires without a proper
alignment (Figure 1c,d), which possibly creates a direct contact between the perovskite and
the AZO layers. And also, the 15 h-grown NWs length is higher (1.3 μm) than in the 6 h
device, so the longest NWs can possibly penetrate the perovskite layer and make a direct
connection with HTL (spiro-OMeTAD), leading to short-circuit current and recombination
issues in the devices. Moreover, while having a higher NW diameter, it possibly does
not offer a sufficient gap for the perovskite infiltration that restricts the charge extraction
(electron), which causes the PV performance reduction. A much larger series resistance
is also evidenced for longer NW, which can be associated with poorer charge transport
properties, as reported in the literature for similar ZnO NWs [17,23,47]. In this present case,
these preliminary observations indicate that a growing time of 6 h is in any case suitable as
a starting point for further investigation of the different growth parameters governing the
morphology and properties of the ZnO NWs.

3.3. Optimization of the Hydrothermal Process

In the following sections, we systematically investigate the effect of the main chemical
parameters governing the growth of ZnO NWs, including the PEI, HMTA contents, and
the growth solution concentration (related to Zn2+ quantity). Their influence on the length,
density, and void fraction of the ZnO NWs will be discussed. The main objective is to
optimize the precursor concentrations in order to achieve a suitable electrode morphology
that favors the perovskite solar cell efficiency. In the following sections, the impact of the
chemical parameters on the NW properties will be discussed. Then, the relation between
the ZnO NW properties and the device performance will be presented.

3.3.1. Effect of PEI Content

The effect of the PEI content on the growth of ZnO NWs is already discussed in the liter-
ature, and the studies were devoted to NWs that are grown on the ZnO seed layer [46,64–66]
or on the FTO layer [26]. They show that PEI addition significantly enhances the length of
the NWs, while at the same time, it diminishes their aspect ratio [64,67,68]. In this work,
we focus on the effect of the PEI content on the growth of NWs using AZO substrates as
seed layers. Such a strategy aims to reduce the device fabrication complexity as no seed
layer is required in this case. The ZnO NWs were synthesized at 90 ◦C for 6 h (temperature,
growing time, and Zn(NO3)2 concentration 50 mM has been fixed) using various PEI con-
tents ranging from 0 to 13 mM. The morphology characteristics deduced from SEM images
(see Figure S5) are presented in Table 3. The PEI to HMTA ratio is also given as it obviously
evolves as a function of PEI content.
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Table 3. Evolution of the length, diameter, apparent density, and void fraction of ZnO NWs as a
function of the [PEI]/[HMTA] ratio. The concentration of the Zn(NO3)2 solution is fixed at 50 mM,
and the growing time and temperature are respectively 6 h and 90 ◦C.

[PEI]
mM

[PEI]/[HMTA]
Ratio

L (μm) d (nm) D NW/μm2 Void
Fraction%

– – 0.3 131 59 ~36

5 10 0.3 135 59 ~37

7 7.15 0.4 147 49 ~44

11 4.50 0.5 ~125 58 ~45

13 3.85 0.2 150 50 ~28

For the reference sample without PEI, short ZnO NW with an average length of 0.3 μm
is obtained. As the PEI content increases up to 11 mM, the length of the NWs increases to
reach a maximum length of 0.5 μm. Adding over 11 mM (i.e., 13 mM), NW length decreases
to 0.2 μm, reaching a shorter length than without using PEI. Additionally, the average void
fraction of the NWs tends to increase with increasing PEI content (from 5 to 11 mM) with
a maximum of 45%. Still, increasing PEI concentration to 13 mM implies a decrease of
the parameters, and the void fraction decreases to 28%, and this trend is similar to that of
previously published reports [64,68]. Also, the results are consistent with the fact that PEI
mainly hinders the lateral growth of the wires and favors their axial growth in solution
while maintaining a relatively high NW density. Therefore, considering the requirements
suitable for perovskite photovoltaics, an appropriate void fraction is expected to favor the
perovskite infiltration for an intimate electronic contact with the nanostructured ZnO [69].
In our study, the PEI concentration leading to the maximal void fraction is at 11 mM. In the
next section, we will keep this parameter fixed to explore the influence of HMTA and zinc
salt concentration on the NW morphology.

3.3.2. Effect of HMTA Content

Fixing the PEI concentration fixed at 11 mM, the Zn(NO3)2 to HMTA ratio has been
tuned. SEM images (see Supplementary Materials, Figure S6) are used to extract the main
morphologic features, which are summarized in Table 4 as a function of Zn(NO3)2 to HMTA
ratio (from 1 to 2). This ratio was adjusted through the HMTA concentration from 50 to
25 mM. As previously mentioned, the concentration ratio [Zn(NO3)2]/[PEI] is fixed to 4.5.

Table 4. Summary of the length, diameter, apparent density, and void fraction of ZnO NWs as a
function of the [Zn(NO3)2]/[HMTA] ratio. The concentration of the Zn(NO3)2 solution is 50 mM,
and the growing time is fixed at 6 h (temperature at 90 ◦C).

[Zn(NO3)2]/[HMTA]
Ratio

[HMTA] mM
L

(μm)
d (nm) D (NW/μm2)

Void
fraction (%)

NWs Aspect Ratio
L/d

1 50 0.5 124.6 58 ~45 ~4.01

1.33 37.5 0.5 125.0 58 ~36 ~4.01

2 25 0.3 101.3 76 ~37 ~2.66

The length of the obtained ZnO NWs decreases from about 0.5 to 0.3 μm as the
[Zn(NO3)2]/[HMTA] ratio increases from 1 to 2. The evolution of the diameter of the wires
gives additional important insight into the role of HMTA in solution: the NW diameter
decreases from ~125 to 101 nm as the HMTA content decreases. Using less HMTA, therefore,
decreases both the NW diameter and length. Let us remember that Zn2+ ions are formed in
solution following the solubilization of Zn(NO3). Then these ions react with the hydroxide
OH− ions (resulting from NH3 protonation) to form Zn(OH)4

2− (Equation (3)). This latter
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species dehydrates, leading to the direct crystallization of ZnO, whereas OH− ions and NH3
play the role of ligands to form Zn(II) hydroxide and amine complexes. HMTA is initially
hydrolyzed with heat, forming formaldehyde (HCHO) and NH3. In precursor solution
based on usual conditions, the produced HCHO does not take part in the growth, while
in the presence of PEI, the HCHO molecules can react with –NH2 groups, releasing Zn2+

ions chelated by PEI. –N=CH- or –N=CH2 bonds are produced by the reaction between PEI
and HCHO. The possible reaction between PEI and HCHO can be described in Scheme 1
according to the typical Mannich reaction between the –CH=O group and the –NH2 or
–NH- group [70].

 

Scheme 1. Mannich reaction between PEI and HCHO.

This suggests that PEI addition has made Zn2+ the limiting species for the growth
instead of NH3. Meanwhile, increasing the HMTA concentration (which increases the
HCHO concentration) leads to a faster Mannich reaction. This faster reaction brings more
Zn2+ ions into the solution, increasing the growth rate of ZnO NW. Hence, when the
[Zn(NO3)2]/[HMTA] ratio is small, the limiting reactants for the axial growth of ZnO NWs
are OH− and Zn2+ ions, resulting in a fairly small axial and radial growth by inhibiting the
development of their sidewalls [71,72].

This may explain our results, showing that, for [Zn(NO3)2]/[HMTA] ratio equal
to 1.33, ZnO NWs present a compromise between a high length and a small diameter,
corresponding to a high aspect ratio (see Table 4). This morphology also results in a
relevant void fraction compared to a [Zn(NO3)2]/[HMTA] ratio of 1, with a constant density.
Therefore using non-equimolar growth conditions with an excess of Zn(NO3)2 is required
to reach an optimum morphology, especially with smooth surface without pinholes or
voids. These conditions can be summarized as: [Zn(NO3)2] = 50 mM, [PEI] = 11 mM,
and [HMTA] = 37.5 mM, for growing time of 6 h at 90 ◦C, and 0.5 μm long ZnO NWs have
been obtained in such conditions (see Figure S6). Such a length might appear too large
for the application, considering the electrical shunt resistance that was pointed out in the
previous section. Therefore, a study of the role of the zinc solution was conducted, and the
aim was to try to control the NWs’ length while keeping a void fraction over 35%.

3.3.3. Effect of Zn(NO3)2 Concentration

ZnO NWs were fabricated from various zinc salt concentrations [Zn2+] ranging from 20 to
50 mM, using fixed concentration ratios between Zn(NO3)2 and HMTA ([Zn2+]/[HMTA] = 1.33)
and between Zn(NO3)2 and PEI ([Zn2+]/[PEI] = 4.5). SEM images were obtained (see
Supplementary Materials, Figure S7) and analyzed to extract the main morphologic features
of the samples (Table 5).
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Table 5. Summary of the length, diameter, apparent density, and void fraction of ZnO NWs as a func-
tion of the concentration of zinc salt [Zn(NO3)2] ([Zn2+]/[PEI] = 4.5; [Zn2+]/[HMTA] = 1.33, growing
time of 6 h). For the HMTA and PEI concentration values for different [Zn(NO3)2] concentrations, see
Table S3.

[Zn(NO3)2]
(mM)

L
(μm)

d
(nm)

D
(NW/μm2)

Void
Fraction (%)

NWs Aspect
Ratio L/d

20 mM 0.25 109 58 ~43 2.28

35 mM 0.30 117 57 ~46 2.56

50 mM 0.50 125 58 ~36 4.00

As deduced from SEM pictures, the length of the NWs decreases with decreasing zinc
nitrate concentration. For a concentration of 20 mM, the length is 0.25 μm (growing time 6 h)
and increases up to 0.5 μm for a concentration of 50 mM. We emphasize that well-aligned
NWs are obtained in this latter case (without any pinholes, see Supplementary Materials,
Figure S7), leaving a comparable porosity of 36% (void fraction) compared to 20 mM and
35 mM of Zn(NO3)2 contents. Indeed, when the reagent concentration is increased, the
transport rate of active ions increases too. It results in a relatively high nanowire growth
rate in the axial direction, as seen with 50 mM of Zn(NO3)2 [64]. This study confirms that
the length of the NWs increases with the concentration of the zinc salt.

Considering our initial assumption about the adverse influence of NWs’ length on
perovskite solar cell performance (refer to data from Section 0: influence of growing time),
we now focus on devices based on NWs grown using different zinc salt concentrations.
This simple approach aims to decipher the relation between PV performance and the
morphological characteristics of the integrated ZnO NWs. Figure 3 shows the current
density–voltage (J–V) characteristics under the illumination of perovskite solar cells based
on ZnO NWs grown using various zinc salt concentrations, and the corresponding PV
parameters are summarized in Table 6.

Figure 3. J–V characteristics of perovskite solar cells (best device) fabricated with the photoanodes of
ZnO NWs depending on [Zn(NO3)2] concentrations.
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Table 6. Performance of perovskite solar cells (reverse scan) fabricated with the photoanodes of
ZnO NWs depending on the [Zn(NO3)2] concentration ([Zn2+]/[PEI] = 4.5; [Zn2+]/[HMTA] = 1.33,
growing time of 6 h).

ZnO(NO3)2

Concentration
Jsc

(mA cm−2)
Voc
(V)

FF
PCE
(%)

Rsh

(Ω)
Rs

(Ω)

20 mM 8.9 0.92 0.33 2.7 600 200

35 mM 2.2 0.38 0.37 0.3 1250 470

50 mM 9.4 0.53 0.35 1.7 650 160

Clearly, by decreasing the zinc salt concentration down to 20 mM, better device perfor-
mance is observed. A maximum power conversion efficiency of 2.7% was achieved for the
PV cell corresponding to this zinc salt concentration (hence corresponding to the shorter
NWs), mainly due to a combined high short-circuit current and open-circuit voltage. In
general, the NWs’ size and length should be controlled; otherwise, the perovskite cannot be
well-deposited into the NW gaps or surface, which possibly creates unsmooth morphology,
and increases chance of defects such as voids or pinholes in the layer [73]. This exploration
of the main growth parameters enables us to point out suitable conditions for the synthesis
of relatively short NW presenting a suitable void fraction, which is found to be critical to
ensure suitable perovskite layer infiltration. This better infiltration may reduce the occur-
rence of direct shortcuts with the HTM. The main morphologic features of the ZnO NWs
grown using all sets of parameters are summarized in Supplementary Materials Table S3.
After careful adjustment of the main parameters of the ZnO NWs’ growth, the final set
([Zn(NO3)2] = 20 mM, ([Zn2+]/[PEI] = 4.5; [Zn2+]/[HMTA] = 1.33, growing time of 6 h)
is leading to a PV cell performance that is lower than the initial set ([Zn(NO3)2] = 50 mM,
[Zn2+]/[HMTA] = 1 and [Zn2+]/[PEI] = 300, for 6 h growing time). The following Table 7
summarizes the corresponding PV cell characteristics.

Table 7. Performances of perovskite solar cells fabricated with different NW growing parameters
(i.e., initial and final set).

Growing Time
Jsc

(mA cm−2)
Voc
(V)

FF
PCE
(%)

Rsh

(Ω)
Rs

(Ω)

Initial set 16.1 0.64 0.47 4.9 1400 70

Final set 8.9 0.92 0.33 2.7 600 200

It is worth mentioning here that while varying NW growing time, precursor concen-
trations (zinc nitrate hexahydrate, HMTA, and PEI), the obtained ZnO NWs’ properties,
especially NW length and diameter values, were associated and are consistent with the
range of previously published reports (see Figure S8) [23,41–46,63,64,74]. The ZnO NWs’
growing time should be limited to 6 h (0.4 μm long ZnO NWs) because longer NWs seem
detrimental to the PV cell performance (Table 2). With our growth parameters, a PEI content
of 11 mM seemed to be the optimal point to maximize the void content (here 45%) while
keeping a limited length of the NWs (0.5 μm) (Table 3). In order to keep a good surface
morphology with an appropriate void content, but also to decrease the ZnO NWs’ length,
the HMTA concentration effect was also studied. Apart from the NW length (0.5 μm), a
smoother surface behavior was obtained for 37.5 mM than for other concentrations with a
void fraction value of 36% (Table 4 and Figure S6). Finally, the Zn(NO3)2 zinc salt content
was studied in order to fine-tune the NWs’ length while trying to maintain a suitable void
fraction (Table 5). This study showed that the void fraction decreases additionally to the
length: for example, 20 mM zinc salt concentration led to 0.25 μm long NWs and a 43% void
fraction compared to 35 mM, and this behavior is not same for the higher concentration (i.e.,
50 mM). Therefore, the PV cells resulting from this last study seem to show that short ZnO
NWs are prioritary to low dense NW arrays in order to maximize the PV cell efficiency.
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In order to reinforce this conclusion and to get a deeper overview of the design choices,
we decided to conduct a final study, by comparing performance of devices made with both
initial and final sets of growth parameters and with two different HTLs. Consequently, in
the following section we present a preliminary study over the performance of ZnO-NW
arrays associated with an alternative HTL based on a carbazole moiety (Cz–Pyr).

3.4. Comparison between Spiro-OMeTAD and Cz–Pyr as HTL

As previously described, we succeeded to control the morphology parameters of ZnO
NWs grown on AZO substrate. In order to discuss the relation between the morphology
and the PV efficiencies, devices with ZnO NWs have been tested. The devices have been
fabricated using two different HTG parameters: on one side the initial chemical process,
and on the other side, the optimum recipe we have selected from the previous studies.
Moreover, the devices have been fabricated using two different HTLs. Carbazole-based
derivatives as HTL in perovskite solar cells have attracted attention because of their photo-
chemical properties and their promising characteristics such as high mobilities, good charge
transport, and high efficiencies [75–78]. In this context, reported Cz–Pyr [50] has been
compared with the reference spiro-OMeTAD as HTL. In short, in this subsection, optimized
NW growth conditions (i.e., for 20mM, [Zn2+]/[HMTA] = 1.33 and [Zn2+]/[PEI] = 4.5, for
6 h growing time) and initial NW growth conditions (i.e., for 50 mM [Zn2+]/[HMTA] = 1
and [Zn2+]/[PEI] = 300, for 6 h growing time) have been used to fabricate perovskite
solar cells based on either spiro-OMeTAD or Cz–Pyr. Especially, two different Zn(NO3)2
concentrations, either [Zn(NO3)2] = 20 mM (NW referred in this case of ZnO—0.25 μm)
or [Zn(NO3)2] = 50 mM (NW referred in this case as ZnO—0.40 μm), have been tested.
We especially compare two NW lengths (i.e., 0.40 and 0.25 μm), and we also provide pre-
liminary data regarding aging tests performed under continuous illumination in ambient
conditions without encapsulation. Figure S9 shows the current–voltage characteristics of
ZnO NW array-based perovskite solar cells for ZnO—0.25 μm and ZnO—0.40 μm, with
the two different HTLs. The PV parameter results are presented in Table 8.

Table 8. Performances of perovskite solar cells fabricated with different NW-based ETLs (ZnO 0.40 μm
and ZnO 0.25 μm) and HTLs (i.e., spiro-OMeTAD and Cz–Pyr).

Jsc
(mA.cm−2)

Voc
(V)

FF
PCE
(%)

Rsh
(Ω)

Rs
(Ω)

ZnO 0.40 μm/Spiro-OMeTAD

FS
Best 16.4 0.66 0.36 3.8 420 100

Average 13.7 0.69 0.35 3.4 780 120

RS
Best 16.1 0.64 0.47 4.9 1400 70

Average 16.7 0.68 0.43 4.7 1350 80

ZnO 0.25 μm/Spiro-OMeTAD

FS
Best 9.1 0.86 0.25 2.0 530 330

Average 8.2 0.85 0.25 1.8 560 380

RS
Best 8.9 0.92 0.33 2.7 600 200

Average 8.5 0.91 0.32 2.5 580 220

ZnO 0.40 μm/Cz–Pyr

FS
Best 7.3 0.82 0.35 2.1 1070 240

Average 5.5 0.71 0.34 1.3 1350 400

RS
Best 7.0 0.81 0.39 2.2 940 230

Average 5.6 0.70 0.34 1.3 1100 400

ZnO 0.25 μm/Cz–Pyr

FS
Best 5.0 0.62 0.33 1.0 800 330

Average 3.9 0.74 0.29 0.8 1170 970

RS
Best 4.6 0.62 0.40 1.1 1840 280

Average 3.9 0.73 0.30 0.8 1550 1030

136



Nanomaterials 2022, 12, 2093

It is clear that, while increasing the length of the NWs from 0.25 μm to 0.40 μm, the
device performance significantly increased from 2.7% to 4.9% (using spiro-OMeTAD-HTL),
and 1.1% to 2.2% (using Cz–Pyr-HTL), respectively. This trend confirms that there is a com-
promise for NW length to enable efficient charge extraction before series or shunt resistances
finally reduce the device performance (see Section 3.2). Regarding the nature of the HTL,
Cz–Pyr-based devices exhibit much lower Jsc values compared to devices based on spiro-
OMeTAD. Such observation can be related to a larger hole mobility for spiro-OMeTAD
(2.5 × 10−5 cm2 V−1s−1) as measured using field-effect transistors in saturation regime,
compared to Cz–Pyr (7.4 × 10−6 cm2 V−1s−1) [50]. The incident photon-to-current conver-
sion efficiency (IPCE) measurements show that the use of 0.40 μm long NWs instead of
0.25 μm enhances the photocurrent in the whole spectral region under study (300–800 nm),
with both spiro-OMeTAD and Cz–Pyr (see Figure S10). Such behavior is clearly consistent
with a better hole mobility of spiro-OMeTAD compared to Cz–Pyr, and points out the
positive influence for NW of moderate length.

We finally conducted a preliminary aging test of the devices through continuous
operation under solar illumination and without encapsulation for 20 min (Figure S11).
Ambient conditions were used in this case, without thermal regulation at 25 ◦C, leading
to a mean temperature of 55 ◦C and a moisture level of around 50% (conditions not finely
controlled as in more adapted ISOS protocols) [79]. The Cz–Pyr-based device shows an
interesting behavior compared to spiro-OMeTAD in these harsh conditions, with increas-
ing performance mainly governed by Jsc, unlike the spiro-OMeTAD device, which sees
its performance slowly decreasing with time. While many mechanisms have been dis-
cussed [80,81] to interpret the evolution of the perovskite active layer in these conditions,
explaining common losses in Voc and FF [82], this strong difference in device behavior
suggests a specific role played by the carbazole HTL in device degradation. While Cz–Pyr
shows a relatively lower glass transition temperature than spiro-OMeTAD [50], these re-
sults indicate a beneficial interfacial configuration with the perovskite active layer, which
positively affects the performance evolution with time. The role of the dopants (tert-butyl
pyridine and lithium salt), which are known to be a major source of performance drop in
the case of spiro-OMeTAD [75], remains to be clarified in this case as well.

The comparison of published AZO/ZnO NWs/perovskite-based device PV perfor-
mances with our proposed device results is demonstrated in Table 9. In our study, we have
not annealed the AZO substrate before making ZnO NWs growth which might be another
possible reason for the lower PV performance than the published report, especially with V.
L. Ferrara et al.’s results, because their observation shows that the annealed AZO substrate
at 150 ◦C evidently enhances the crystal quality compared to non-annealed sample that
helps to achieve a good crystal nucleation sites [74]. Also, the present contribution provides
novel device architecture (i.e., AZO/ZnO NWs/perovskite/Cz–Pyr/Au) with a significant
efficiency of 2.2%, half of conventional spiro-OMeTAD-HTL-based devices (see Table 9).

Table 9. Published PV performance of AZO/ZnO NWs/perovskite architecture devices.

Device Structure
Jsc

(mA cm−2)
Voc
(V)

FF
PCE
(%)

Ref

AZO/ZnO
NRs/MAPbI3/Spiro-OMeTAD/Au 16.00 0.80 0.53 7.00 [74]

AZO/ZnO NRs/MAPbIxCl3-x/Cu 14.87 0.86 0.28 3.62 [83]

AZO/ZnO NRs based DSSC 05.01 0.60 0.43 1.31 [84]

AZO/ZnO NWs/FACsPb(IBr)3/Spiro-
OMeTAD/Au 16.10 0.64 0.47 4.9

This
workAZO/ZnO

NWs/FACsPb(IBr)3/Cz–Pyr/Au 07.00 0.81 0.39 2.2
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4. Conclusions

This study focused on the ZnO NWs growth over the AZO substrate using the low-
temperature hydrothermal growth (HTG) method to fabricate efficient perovskite solar
cells based on AZO/ZnO NWs/perovskite/HTL (spiro-OMeTAD or Cz–Pyr)/Au device
configuration. The effect of several parameters, especially HTG precursors concentrations
such as zinc nitrate hexahydrate, HMTA, PEI, and growing time, were systematically
studied to achieve dense and well-aligned ZnO NWs array with characterized void fraction
in order to boost the PV device performance. Results highlight that a longer growing time
(i.e., 15 h) and higher zinc salt concentrations (i.e., 35 mM and 50 mM) are unfavorable
to the device performance. Also, AZO/ZnO NW-based devices demonstrate superior
performance than AZO/ZnO or AZO/SnO2 compact ETL-based devices. Finally, Cz–Pyr-
HTL-based AZO/ZnO NWs device provides comparable performance to the conventional
spiro-OMeTAD-HTL devices. Overall, the obtained solar cell efficiencies are lower than the
published conventional perovskite device configurations, therefore, enhancing the ZnO
NWs layer surface homogeneity, especially the NWs’ alignment with an appropriate gap,
will be a beneficial strategy to further increase the device efficiency in the near future.
This current research observations suggest that using ZnO NW over AZO substrate is an
effective approach for the perovskite solar cells in terms of performance and stability.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12122093/s1. Figure S1: J–V characteristics of perovskite
solar cells (best device) fabricated with different photoanodes of ZnO NWs depending on the
seed layer. (a) Comparison of AZO/ZnO NW, FTO/ZnOc/ZnO NW, and FTO/SnO2 devices;
(b) comparison of AZO/ZnOc, AZO/SnO2, and AZO/ZnO NW based devices, respectively. Figure S2:
Recorded UV–visible absorbance (a) and transmittance (b) spectral response for ZnO NWs (6 h and 15 h)
grown on AZO substrate. Figure S3: Comparison of several same batch device J–V characteristics
of (a) AZO/ZnO NW (6h) and (b) AZO/ZnO NW (15 h) solar cells, respectively. Figure S4: SEM
cross-section of a full device based on AZO/ZnO NW grown for 6 h. The image demonstrates a
homogeneity of the sandwich structure, with a perovskite solution residing in the ZnO NW layer.
Figure S5: SEM micrographs of ZnO NWs as a function of the [Zn(NO3)2]/[PEI] ratio, (a) without
PEI, (b) 10, (c) 7.15, (d) 4.5, and (e) 3.85, respectively. Figure S6: SEM micrographs of ZnO NWs as a
function of the [Zn(NO3)2]/[HMTA] ratio: (a) 1; (b) 1.33; (c) 2. The concentration of the Zn(NO3)2
solution is kept constant to 50 mM in all cases, and the growing time is fixed at 6 h. Figure S7: SEM
micrographs of ZnO NWs as a function of the [Zn(NO3)2] (a) 20 mM, (b) 35 mM, and (c) 50 mM,
respectively. Figure S8: Published reports related to the ZnO NW properties, especially NW length
and diameters. Comparison of NW diameters and lengths (a and b) based on growing time,
(c and d) based on Zn–HMTA concentration, and (e and f) based on PEI concentration, respectively.
Figure S9: J–V characteristics of perovskite solar cells (best device) fabricated with two different
HTLs (spiro-OMeTAD and Cz–Pyr) using two different NWs, (a) ZnO 0.25 μm and ZnO 0.40 μm,
respectively. Figure S10: IPCE spectra for the champion solar cells with two different NWs-based
devices (ZnO 0.40 μm and ZnO 0.25 μm) using two different HTLs (spiro-OMeTAD and Cz–Pyr),
respectively. Figure S11: Preliminary aging test of the ZnO NWs (ZnO 0.25 μm (a) and 0.40 μm (b))
based devices along with two different HTLs (spiro-OMeTAD and Cz–Pyr), respectively. Table S1:
Performances of perovskite solar cells depending on the type of photoanodes. Table S2: Photovoltaic
parameters of perovskite solar cells fabricated as a function of ZnO NW array growing time (i.e., 6 h
and 15 h). Table S3: Summary table of the length, diameter, apparent density, and void fraction of
ZnO NWs as a function of different conditions.
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Abstract: Energy storage devices based on earth-abundant materials are key steps towards portable
and sustainable technologies used in daily life. Pseudocapacitive devices, combining high power and
high energy density features, are widely required, and transition metal oxides represent promising
building materials owing to their excellent stability, abundance, and ease of synthesis. Here, we report
an original ZnO-based nanostructure, named nanostars (NSs), obtained at high yields by chemical
bath deposition (CBD) and applied as pseudocapacitors. The ZnO NSs appeared as bundles of crys-
talline ZnO nanostrips (30 nm thin and up to 12 μm long) with a six-point star shape, self-assembled
onto a plane. X-ray diffraction (XRD), scanning electron microscopy (SEM), and photoluminescence
spectroscopy (PL) were used to confirm the crystal structure, shape, and defect-mediated radiation.
The ZnO NSs, dispersed onto graphene paper, were tested for energy storage by cyclic voltammetry
(CV) and galvanostatic charge–discharge (GCD) analyses, showing a clear pseudocapacitor behavior.
The energy storage mechanism was analyzed and related to oxygen vacancy defects at the surface. A
proper evaluation of the charge stored on the ZnO NSs and the substrate allowed us to investigate
the storage efficiency, measuring a maximum specific capacitance of 94 F g−1 due to ZnO nanostars
alone, with a marked diffusion-limited behavior. The obtained results demonstrate the promising
efficacy of ZnO-based NSs as sustainable materials for pseudocapacitors.

Keywords: zinc oxide nanostars; pseudocapacitor; oxygen vacancies; substrate contribution evaluation;
neutral pH

1. Introduction

Over the past decades, electrical energy consumption has recorded the fastest growth
relative to total energy demand [1], boosted by the most recent and contingent economic and
climatic conditions, with electricity being essential in different fields such as industry, the
residential sector, services, and commercial sectors [2,3]. With the expected global energy
demand increase and the need to expand the availability of renewable sources through the
transition to low-carbon electricity systems [4], developing sustainable, efficient, and clean
energy storage technologies has become one of the required approaches for the material
science communities worldwide [5].

Energy storage devices, such as batteries, electric double-layer capacitors (EDLCs),
and pseudocapacitors, play the leading role in these fields. Batteries, storing the energy via
a bulk redox reaction, are most suitable for applications with high energy density [6,7]. By
contrast, in EDLCs, the electrochemical storage arises from charges electrostatically stored
at the electrode interface [8,9], and they have high power density [10–12]. Pseudocapacitive
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materials combine the advantages of EDLCs and batteries since capacitive and charge-
transfer processes coexist [13–15].

A proper device design development, involving economical and eco-friendly produc-
tion processes, represents the most promising approach for succeeding in high-performance
supercapacitors; in particular, nanomaterial-based electrodes play a crucial role in electro-
chemical energy storage [10] since the higher surface area can significantly contribute to
improving the specific capacitance [16].

In recent years, transition metal oxides have been widely applied for electrochemical
capacitors with high power density, taking advantage of their pseudocapacitive behavior.
These oxides provide higher specific capacitance values because of their many oxidation
states, characteristic of pseudocapacitive materials [17].

Among transition metal oxides, zinc oxide, an inorganic semiconductor relatively
abundant in nature, has been extensively studied as an anode material candidate for
lithium-ion batteries [18]. Owing to its eco-friendly nature and good electrochemical
activity, ZnO also became a promising electrode material for supercapacitors [19–21].
Moreover, ZnO can be easily nanostructured in a multitude of morphologies by employing
many different methods [22–26]. Solution routes for ZnO nanostructure synthesis have
a multitude of advantages, such as cost containment, a simple laboratory setup, low-
temperature processes, and fast kinetics growth [27].

It is worth mentioning that ZnO's properties are morphology dependent, which makes
this material even more attractive for several scientific purposes [28,29], including energy
storage applications.

Jayachandiran et al. reported ZnO nanoparticle fabrication obtained using a sol-
gel approach, following a rGO/ZnO composite fabrication, obtained using ultrasonic-
assisted solution-phase synthesis [30]. The composite, coated on nickel foil, showed
pseudocapacitive behavior and a specific capacitance value of 312 F g−1 at 5 mV s−1.
Luo et al. synthesized ZnO tetrapods, prepared using vapor transport methods, coated onto
Ni foam [31]. The material showed pseudocapacitive behavior, with a specific capacitance
value of 160 F g−1 obtained at 1 A g−1. Finally, Guo et al. obtained ZnO nanoparticles using
a hydrothermal method, following a graphene–ZnO composite formation using microwave
treatment [32]. Again, the material exhibited a pseudocapacitive behavior, with an obtained
specific capacitance of 201 F g−1 at 1 A g−1. All of these function in a neutral condition
by using 1 M Na2SO4, where corrosion problems related to water splitting reactions are
avoided [33]. Nonetheless, in these papers, the substrate’s role was not considered nor
evaluated, while it is known that C or Ni compounds act as energy storage materials. To
optimize the study of the effective energy storage process in ZnO nanostructures, a proper
substrate contribution evaluation is needed. This exercise is also useful in order to compare
different ZnO nanostructure data in the literature, which usually appear as deposited on
different substrates.

In this paper, a new nanostar-like ZnO nanostructure obtained at a very large yield by
means of chemical bath deposition (CBD) is presented. These nanostars are composed of
many crystalline wires, highly ordered within a common plane. The as-prepared nanostars
were used as supercapacitor active material, and the energy storage mechanism was
correlated with structural and morphological features.

2. Materials and Methods

2.1. Synthesis of ZnO Nanostars

ZnO nanostars (NSs) were synthesized by means of chemical bath deposition (CBD).
Starting from an aqueous solution of zinc nitrate and hexamethylenetetramine (HMTA) [34],
the ZnO NSs production was attained by adding ammonium fluoride to the bath [26].
Three solutions (50 mL each) were separately prepared with deionized water (MilliQ,
18 MΩ cm): (i) 25 mM zinc nitrate hexahydrate (Zn(NO3)2·6 H2O, purum p.a., crystal-
lized, ≥99.5%, Sigma Aldrich, Milan, Italy); (ii) 25 mM HMTA ((CH2)6N4 ≥ 99.5%, Sigma
Aldrich, Milan, Italy); and (iii) 16 mM ammonium fluoride (NH4F, ≥99.99%, Sigma-Aldrich,
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Milan, Italy). These solutions were placed in a bain-marie configuration to reach and main-
tain the desired temperature of 90 ◦C. Once the thermal equilibrium was reached, the
three solutions were mixed in a large beaker where the 90 ◦C temperature was still main-
tained. Zn(NO3)2 and the HMTA solutions were mixed first, then after few seconds, the
NH4F solution was added. In order to study the growth kinetics, the synthesis solution was
sampled at different growth times (0.5, 1, 3, 6, 10, 20, and 30 min). After 30 min, the solution
was removed from the bain-marie configuration and left to reach room temperature.

The obtained solution was then washed with deionized water 4 times by means of
decantation. The nanostar powders were finally dried in an oven in vacuum at 100 ◦C for
16 h (hereafter simply called NSs). A part of the product was then annealed in air onto a
hot plate at 300 ◦C for one hour (hereafter called AnnNSs).

2.2. Characterization

The NS surface morphology was analyzed by using a Scanning Electron Microscope
(Gemini field emission SEM Carl Zeiss SUPRA 25, Carl Zeiss Microscopy GmbH, Jena,
Germany) equipped with an EDAX PV7715/89-ME energy-dispersive X-ray (EDX) spec-
trometer for elemental characterization. SEM images were analyzed by using ImageJ
software to improve the brightness and contrast [35].

The ZnO NS crystal structure was examined by X-ray diffraction (XRD) using a Rigaku
Smartlab diffractometer (Rigaku, Tokyo, Japan), equipped with a rotating anode of Cu Kα

radiation operating at 45 kV and 200 mA in the grazing incidence mode (0.5◦).
Photoluminescence (PL) measurements were performed by pumping with the 325 nm

(3.81 eV) line of a He–Cd laser chopped through an acousto-optic modulator at a frequency
of 55 Hz. The PL signal was analyzed using a single grating monochromator, detected
with a Hamamatsu visible photomultiplier, and recorded with a lock-in amplifier using the
acousto-optic modulator frequency as a reference [36].

Electrochemical measurements were carried out at room temperature using a VersaS-
TAT4 potentiostat (Princeton Applied Research, Oak Ridge, TN, USA), and a three-electrode
setup was used with a platinum wire as a counter electrode, a saturated calomel electrode
(SCE) as a reference electrode, and the ZnO NS samples on graphene paper (GP) sub-
strates (240 μm thick, Sigma Aldrich, St. Louis, MO, USA) as a working electrode (WE).
Solutions of 1 M Na2SO4, 1 M NaCl, and 1 M KCl (Sigma Aldrich, St. Louis, MO, USA,
≥85%) were used as supporting electrolytes. Cyclic voltammetry (CV) and galvanostatic
charge–discharge (GCD) analyses were conducted in the potential range 0 ÷ 0.6 V vs. SCE
(Na2SO4), −0.1 ÷ 0.5 V (NaCl) and −0.2 ÷ 0.4 V (KCl). Electrochemical impedance spec-
troscopy (EIS) analyses were conducted at 0.3 V vs. SCE (in an Na2SO4 solution with a
frequency range of 0.1–10,000 Hz and an amplitude of 10 mV RMS).

3. Results and Discussion

3.1. Material Characterization

The zinc oxide nanostructure morphology can be seen in Figure 1a–c, which show
SEM images of NSs dropped on Si substrates after different CBD durations. Beyond rare
single wires, most of the precipitate appeared in the form of nanostars, with each one made
of six coplanar arms starting from a common center. Such arms are composed of a bunch of
parallel wires, and each star draws six equally spaced angles. It is worth noting that the
ZnO wurtzite phase has a hexagonal symmetry, which could explain the nanostructures’
peculiar shape. As the CBD time increased, the arm length and thickness also increased.

A cross-linked center can be recognized, from which every wire starts with a lateral
width of 70 nm, reaching a dimension of 20–30 nm on the tip (Figure S1). Once annealed,
the morphology did not appreciably change (Figure S2).
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Figure 1. Kinetic study of ZnO NS growth. SEM images of nanostructures sampled after a growth of
0.5 (a), 10 (b), and 30 min (c); distribution of arm length as a function of time (d). The dashed red line
in (c) indicates the arm length of an NS.

Figure 1a–c show the SEM micrographs of NSs grown for 0.5, 10, and 30 min, respec-
tively. After just half a minute, the stars’ central part was developed, while the arms clearly
began to arrange themselves in preferential directions. After 30 min, the nanostars were
very extended; their arms appeared dense with wires as long as 10–12 μm (dashed red line).

Arm length evolution as a function of time is plotted in Figure 1d. There was an
initial explosive growth kinetics within 10 min, but the growth rate decreased at longer
growth times.

Figure 2a shows the XRD patterns of 10-min-grown NSs before and after the annealing
process. The NSs sample already shows many crystallographic peaks, which recall the
hexagonal ZnO peaks at 2θ = 31.77◦, 34.42◦, 36.25◦, 47.54◦, and 56.60◦ corresponding to
(100), (002), (101), (102), and (110), respectively (see PDF Card No. 00-036-1451 in Figure 2a).
In addition, there is a sharp peak at 20◦, more intense than the other crystallographic peaks,
due to the ZnOHF presence in the powders (PDF Card No. 74-1816 in Figure 2a) that is also
responsible for (100) and (101)’s peculiar peaks splitting into two components [37]. Once
annealed, this hydroxy fluoride species almost disappeared, producing pure zinc oxide
powders. The 45◦ peak was related to the carbon tape used as substrate for AnnNSs [38].
The co-existence of the ZnO and ZnOHF phase in the NS powder was also confirmed by
EDX analyses, as shown in Figures S3 and S4, revealing the presence of oxygen, zinc, and
fluorine in the NSs. The PL spectra were acquired for both NSs and AnnNSs, as shown in
Figure 2b. All the emission spectra were composed of a UV peak (2.7–3.5 eV) and a broad
visible band (1.8–2.7 eV). Although the profile of the emission spectra is characteristic of
ZnO [39], a small contribution of the ZnOHF phase in the near-UV–visible region [40,41]
cannot be entirely excluded. At first glance, annealing in air induced a redshift and a
visible band reduction. As the visible band is typically associated with defects [39], it can
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be concluded that thermal annealing reduces these defects. In order to better understand
this aspect, the visible PL was analyzed in detail.

Figure 2. (a) XRD pattern of NSs and AnnNSs grown for 10 min; (b) room-temperature photolumi-
nescence spectra; (c) visible emission band fitting with blue, green, and orange contributions, and
(d) histogram of fit contributions for both NSs and AnnNSs.

The visible emission band can be described as a convolution of three Gaussian com-
ponents attributed to the Blue (B, 2.52 eV), Green (G, 2.23 eV), and Orange (O, 2.03 eV)
states [39].

In Figure 2c, the visible bands of the NSs and AnnNSs samples were fitted with the
above Gaussian components, with FWHM fixed at 0.4 eV. The histograms in Figure 2d
show the percent contribution of B, G, and O emissions for the NSs and AnnNSs. The B, G,
and O emissions are related to radiation mediated by states into the ZnO bandgap [29,39].
The B emission is related to zinc vacancies (V2−

Zn ) states; the G emission is related to singly
ionized oxygen vacancies (V+

O) states at the surface; while the O emission is associated
with oxygen vacancies at the ZnO core.

The annealing process led to a strong G band reduction and a great O contribution
enhancement, as also confirmed by the clear redshift observed in Figure 2b. It is plausible
to think that thermal annealing in air supplies oxygen atoms that recombine O vacancies at
the surface, thus significantly reducing the G emission. Such surface defect modifications
will have some effects on energy storage performance, as detailed below.

Grown nanostars are a ZnO and ZnOHF mixed phase, which converts to pure ZnO
after annealing in air. A large amount of surface defects was present in the as-grown
samples; such defects were recombined by air annealing at 300 ◦C. The ease of synthesis
can be a great advantage for scalability; however, some nanostar yield estimations still
needed to be conducted. The nanostar synthesis yield was evaluated by assuming the
whole process to be limited by a Zn reactant and by considering a 1:1 molar relationship
between zinc nitrate and zinc oxide, as expected. The NS yield was obtained by weighting
the amount of NSs, grown for 10 min, after the annealing process (where only ZnO was
present) in comparison to the utilized Zn nitrate amount. The ratio between ZnO and Zn
nitrate moles indicated a nanostar yield as high as 40%. As reported in the literature [42],
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the yield of solution-derived ZnO nanopowders strongly depends on pH value, with higher
yields achieved in highly basic media. NSs are synthesized in solutions with a pH value of
5.7; therefore, a 40% yield may be considered promising for high-volume production.

3.2. Electrochemical Measurements

To evaluate the ZnO NS electrochemical performances, CV and GCD analyses were
performed on ZnO NSs-based electrodes, using a three-electrode setup. The WE was
obtained by spin coating (300 rpm, 5 min) 40 μL of an NSs or AnnNSs aqueous solution
(concentration of 2 mg mL−1) on a 1 cm2 graphene paper substrate, as shown in Figure 3a.
The electrode was then dried on a hot plate at 60 ◦C in air, obtaining a mass of 0.2 mg,
measured with a Mettler Toledo (Columbus, OH, USA) MX5 Microbalance (sensitivity:
0.01 mg). It should be noted that particular care was taken in order to have electrodes with
the same mass so as to easily compare the electrochemical performances.

Figure 3. (a) Schematic of sample preparation for electrochemical characterization. CV curves in 1 M
Na2SO4 of GP substrate (grey line); nanostars as prepared (magenta line) and after annealing (green
line) at 20 mV/s (b); CV curves in 1 M Na2SO4 of NSs with 0.5, 1, 3, 6, 10, 20, and 30 min growth
times and GP at 20 mV/s (c); CV curves in 1 M Na2SO4 of as-prepared NS at different scan rates (d).

Figure 3b shows the CVs of 10 min ZnO NSs as grown and after annealing, compared
with bare graphene paper (GP). As expected, the bare substrate was active in the charge
storage process with a CV typical of an electric double-layer capacitor (EDLC) [15]. Such
activity of GP in charge storage was taken into account to investigate the ZnO NS net ability
in storing charges.

When the GP was covered with as-grown ZnO NSs, a larger CV area was recorded,
almost double in size, highlighting a significant pseudocapacitive storage mechanism
attributable to ZnO NSs. It is worth noting that the substrate mass was some orders of
magnitude greater than the ZnO NSs mass (0.2 mg); thus, a specific capacitance comparison
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is meaningless; however, for a solid evaluation of ZnO NS energy storage efficiency, the
substrate contribution must be evaluated. The annealed ZnO NSs showed a smaller charge
storage ability in comparison to the as-grown one. Indeed, the PL analysis evidenced that
annealing induced a reduction of oxygen vacancy defects, which are expected to contribute
to the storage mechanism through surface adsorption processes [29].

Moreover, the XRD results showed that the as-grown NSs partly contained a ZnOHF
phase whose layered structure could facilitate charged ion intercalation [43].

In Figure 3c, CV curves for NSs with different growth times are presented, again
compared to the GP curve, at a chosen scan rate of ν = 20 mV s−1. The bare GP substrate
always showed a lower charge storage ability in comparison to that of GP covered with
ZnO NSs, regardless of the ZnO NS growth times. By comparing GP covered with ZnO
NSs at different growth times, what emerged is that, by increasing arm length, the stored
charge increased up to 10 min, whereas for longer growth times, the charge storage started
to decrease.

Figure 3d shows CV curves acquired for NSs grown for 10 min in 1M Na2SO4 at
different scan rates, from 5 to 100 mV s−1, which are useful to further deepen the charge
storage mechanism.

The stored charge (Qc, mC) can be determined from the CV curves as follows [44]:

Qc =

∫
IdV
υ

where V is the applied potential (V), I is the measured current (mA), and υ is the scan rate
voltage

(
V s−1

)
. Consequently, the specific capacitance (Cs, F g−1) can be determined from

the CV curves as follows [45]:

Cs =

∫
IdV

mυΔV
where m is the active NS mass (mg), and ΔV is the potential range (V).

Figure 4a represents the stored charge from the CV as a function of the scan rate for
GP and NSs on GP (total). The storage capacity for NSs (net) was extracted as the difference
between these two. It should be noted that such a net storage capacity underestimates
the ZnO NSs performances, as a non-negligible surface of the GP is covered by ZnO
NSs, reducing the effective GP contribution to the charge storage in ZnO NSs-covered
samples. The stored charge trend in the GP confirmed the EDLC mechanism due to its weak
dependence on the scan rate (black spheres in Figure 4a). Instead, a strong dependence on
the scan rate emerged for ZnO NS on GP (closed purples), with a stored charge of 17.2 mC
at 5 mV s−1, evidencing that ZnO NSs act as energy storage materials with a different
mechanism in comparison to that of GP. In fact, by plotting the net stored charge in ZnO
NSs (open magenta spheres), a clear decrease was observed with the scan rate, decreasing
the stored charge at very high scan rates almost to zero.

In order to extract an effective ZnO NSs specific capacitance, we took into account the
net stored charge. Figure 4b shows these effective Cs for all the growth times. In all the
cases, a marked dependence on the scan rate was observed, as for the 10 min growth time
discussed above. Indeed, the growth time significantly affected the Cs, with 6 and 10 min
grown ZnO NSs exhibiting the largest values.

In order to study the effect of different electrolytes still at neutral pH, Figure 4c shows
the effective Cs of the 10 min NSs as a function of the scan rate in 1 M Na2SO4 (magenta
curve), 1 M KCl (green curve), and 1M NaCl (purple curve). While NaCl and KCl showed
very similar results, Na2SO4 evidenced a larger specific capacitance at a lower scan rate.

Now, few considerations can be made in order to model the charge storage mechanism
in ZnO NSs. By applying a positive voltage to WE, negative charges in the solution were
attracted. KCl, NaCl, and Na2SO4 dissociate as follows:

NaCl → Na+ + Cl−
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KCl → K+ + Cl−

Na2SO4 → 2Na+ + SO2−
4

Among negative ions, SO2−
4 is larger and slower, so it requires a longer time to reach

the WE surface (also taking into account the solvation shells) [46]. Hence, at low scan rates,
the doubly charged sulfate ion allows a larger storage capacity since its lower diffusion
plays a minor role with respect to chloride ions.

Figure 4. (a) Stored charge in GP (black symbols), 10 min ZnO NSs on GP (total, full magenta
symbols) and their difference (net) (open magenta symbols); (b) specific capacitances extracted from
CV for 0.5, 1, 2, 3, 6, 10, 20, and 30 min ZnO NSs in Na2SO4; and (c) specific capacitances of 10 min
ZnO in NaCl, KCl, and Na2SO4 (purple, green, and magenta symbols respectively).

For a better understanding of the storage mechanism involved, the Dunn model was
applied to the 10 min NSs CV curve in 1 M Na2SO4. The total charge stored can be split
into three components: a faradic contribution from ion insertion; a faradic contribution
from charge-transfer processes with surface atoms, referred to as pseudocapacitance; and
a non-faradic contribution from the double-layer effect [47]. At nanoscale dimensions,
both double-layer charging and pseudocapacitance can be substantially due to the high
surface area.

These effects can be calculated by examining the cyclic voltammetry data at various
scan rates according to:

I = aυb

where the measured current I obeys a power–law relationship with the scan rate υ, and
a and b are adjustable parameters. Specifically, b is determined from the logI vs. logυ
plot slope. There are two well-defined conditions since only diffusive or surface-limited
phenomena can be present (b = 0.5 or 1, respectively) [47,48].

In Figure S5, the extrapolated b values for the 10 min NSs in 1 M Na2SO4 (magenta
symbols) at different scan rates as a function of the potential values are presented. As
previously explained, there were no peaks in the CV curves, so b never reached a value of
0.5, but swung between 0.75 and 0.9, indicating a dominant capacitive process with some
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pseudocapacitive contribution. The surface defects previously discussed in the PL analyses
may play a fundamental role in WE surface charge-transfer phenomena.

To determine what happens at the electrode–electrolyte interface, EIS analysis was
performed at a potential of 0.3 V versus SCE (see Bode plot in Figure S6) and compared
with specific capacitance values. Figure 5a shows Cs (υ = 5 mV s−1) as a function of growth
time. The Cs values exhibited a clear bell-shaped trend. Figure 5b shows the impedance
modulus and phases angle amplitudes at 1 Hz as a function of growth time. Focusing
on the impedance modulus (blue), a funnel-shaped trend can be recognized. The 10 min
growth point had the lowest impedance value (56 Ω), which is specular with the highest
value of Cs (94 F g−1) found for the same sample. The impedance module is inversely
related to capacitance [49]. Hence, these two quantities being inversely proportional, lower
|Z| values mean higher capacitance values. It is unequivocal that the impedance modulus
trend (magenta curve, Figure 5b) is the Cs bell trend's mirror image (red curve, Figure 5a).

Figure 5. (a) Cs trend from CV curves acquired at 5 mV s−1 for all growth times analyzed and
(b) impedance modulus and phase angle amplitude (magenta and blue symbols, respectively) trends
(F = 1 Hz) as a function of growth time.

To counterproof the ZnO NSs charge storage process in real conditions, GCD curves
were recorded. Figure 6a shows the GCD curves obtained at different current densities
(from 0.5 to 10 A g−1) in the same voltage range as that in the CV analyses. As expected,
the NSs discharge time decreased with the increase in current density. The charge and
discharge curves are symmetric, which indicates high reversibility, high columbic efficiency,
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and poor energy loss during the charge and discharge process. Cs,GCD can be calculated
from the GCD as follows [45]:

Cs,GCD =
Its

mΔV
where ts is the discharge time (s), I is the applied current (mA), ΔV is the voltage window
(V), and m is the active ZnO NSs mass (mg). Figure 6b shows Cs,GCD as a function of the
scan rate (CV, blue curve) and as a function of current density (GCD, red curve). The Cs,GCD
trend matched well with the values of the CV analyses, hence confirming again that all the
data were consistent.

Figure 6. (a) GCD curves (0.5 A g−1 black, 1 A g−1 red, 1.5 A g−1 green, 3 A g−1 blue, 5 A g−1 light
blue, and 10 A g−1 magenta lines) and (b) specific capacitance obtained by GCD (red dashed line and
circles) and CV (light blue dashed line and stars) curves, trends of 10 min NS.

4. Conclusions

To conclude, we report novel ZnO nanostructures with a six-point star shape that have
a good energy storage ability in neutral pH conditions. A large amount of ZnO/ZnOHF
nanostars, highly ordered within the plane, were obtained via the CBD method. By
varying the CBD duration, star arm elongation was observed, while annealing up to
300 ◦C induced a material purification towards the ZnO phase with concomitant surface
oxygen vacancy defect removal. Energy storage was tested by covering a graphene paper
substrate with ZnO nanostars and performing the electrochemical measurements. The
ZnO nanostars showed a marked pseudocapacitive behavior at all the growth times,
both as prepared and after annealing. The best performance was reached for the 10 min
growth time without thermal treatments because of the presence of surface defects and
low electrochemical impedance values. A careful measurement of the ZnO nanostars’ net
capacitance determined a maximum value of 94 F g−1. The specific capacitance evaluation
from the GCD was highly consistent with the values calculated from the CV analyses.
All the results suggest that ZnO-based NSs can find promising application in efficient
energy storage devices owing to the synergy between the double-layer capacitance and the
pseudocapacitive effect.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12152588/s1, Figure S1. (a) High magnification SEM of an
NS center and (b) an NS tip. Figure S2. SEM image of AnnNSs. Figure S3. EDX spectrum of NSs
taken in NSs grown for 10 min. Figure S4. SEM micrograph of (a) single grown NSs and (b–d) related
SEM-EDX mapping for O, F, and Zn elements, respectively. EDX maps were acquired setting the
operating voltage as 20 kV and a working distance of 8.5 mm. Figure S5. Extrapolated b values
(magenta circles) for 10 min NSs in 1 M Na2SO4 at different scan rates as a function of potential
values. Figure S6. Bode plot from the EIS analyses acquired at 0.3 V: (a) impedance modulus and
(b) phase angle amplitudes for all growth times analyzed. Data for the GP substrate are also reported
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(GP grey, 0.5 min black, 1 min red, 3 min green, 6 min blue, 10 min light blue, 20 min magenta, and
30 min Bordeaux lines and circles).
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Abstract: ZnO nanostructures, semiconductors with attractive optical properties, are typically grown
by thermal chemical vapor deposition for optimal growth control. Their growth is well investigated,
but commonly results in the entire substrate being covered with identical ZnO nanostructures. At best
a limited, binary growth control is achieved with masks or lithographic processes. We demonstrate
nanosecond laser-induced Au catalyst generation on Si(100) wafers, resulting in controlled ZnO
nanostructure growth. Scanning electron and atomic force microscopy measurements reveal the laser
pulse’s influence on the substrate’s and catalyst’s properties, e.g., nanoparticle size and distribution.
The laser-induced formation of a thin SiO2-layer on the catalysts plays a key role in the subsequent
ZnO growth mechanism. By tuning the irradiation parameters, the width, density, and morphology
of ZnO nanostructures, i.e., nanorods, nanowires, and nanobelts, were controlled. Our method allows
for maskless ZnO nanostructure designs locally controlled on Si-wafers.

Keywords: ZnO-nanostructures; gradual ZnO growth manipulation; spatial-selective ZnO growth;
laser-induced catalyst generation; thermal chemical vapor deposition

1. Introduction

Regarding the ever-growing demand for new functional materials, semiconductor
structures in the micro- and nanoscale remain of high interest in the research community.
Due to their physical properties e.g., wide band gap [1] (~3.4 eV) and large exciton binding
energy [2] of 60 meV, ZnO nanostructures are promising candidates for future electronic [3]
or optoelectronic [4] devices as in UV-lasers [5], solar cells [6] or sensoric [7,8] applications.
The generation of diverse ZnO nano-morphologies may be achieved by both wet [9,10] and
dry [11–13] methods. In general dry approaches, e.g., thermal chemical vapor deposition (t-
CVD), are more abundant and controllable. For ZnO nanostructure growth the vapor-solid-
(VS) and the vapor-liquid-solid- (VLS) reactions are of relevance [11]. Control of which
mechanism is dominating the growth process and hence guides the morphology expres-
sion is commonly controllable by adjusting the process variables, e.g., temperature [8,14]
and reaction gas composition [15,16]. Most commonly a noble metal layer, e.g., gold, is
applied before the growth process. Heating the thin film leads to thermal dewetting and
nanoparticle formation. Upon introducing a semiconductor vapor source, e.g., through a
carbothermal reaction [17], the nanoparticles act as catalysts (VLS) or nucleation points (VS)
inducing the ZnO nanostructure growth. Spatial-selective control of the semiconductor
growth is essential for the design of functional devices. The catalyst may be patterned by
using a mask [18], by direct laser writing [19], or by lithographic methods [20], leading to
binary growth regulation. Nanostructure growth is either fully suppressed or enabled.

In this work, we first analyze the ZnO morphology occurrence in dependence on
underlying growth parameters and thus mechanisms. This allows the differentiation be-
tween ZnO modifications mediated by the growth parameters and the pulsed laser-induced
dewetting (PLiD) of the catalyst layer (Au thin film). Particle analysis was conducted by
electron microscopy images to investigate the type, size, and density of laser-generated
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catalysts. The growth of ZnO nanostructures can consequently be adjusted by the spatial-
selective laser-induced catalyst generation, leading to the manifestation of various ZnO
morphologies and sizes on a single substrate. Finally, the laser-induced formation of a
passivating SiO2 layer and its effect on the ZnO growth was investigated.

2. Materials and Methods

The silicon samples used in this study were mechano-chemically polished boron-
doped (100) (Siegert Wafer, Aachen, Germany) single crystals with a native oxide layer of
ca. 1.5 nm. The wafer fragments (ca. 1 × 1 cm) were coated with gold (0.6–5.4 nm) using a
108auto vacuum coater system (Cressington, Watford, UK). The thickness of thin films was
measured with single-wavelength (633 nm) ellipsometry. ZnO growth was performed in a
horizontal tube furnace inside of a quartz glass tube with an inner diameter of 40 mm and
a length of 650 mm. The source material consisted of a mixture of ZnO (abcr, 99.99%) and
graphite powder (99.9%) with a weight ratio of 1:1. The mixture (~1 g) was placed in an
alumina boat at the center of the tube (Figure 1, x = 0 cm). The wafer fragments were placed
on a quartz glass slab at a distance of 7 cm, 8 cm, and 9.5 cm downstream and at 2 cm
upstream (edge of alumina boat). The sample placement and furnace setup are depicted in
Figure 1a. Figure 1b shows the temperature gradient inside the tube furnace. The sample
placements are mapped to their respective temperatures with colored indicators. The
setup’s heating curve is displayed in the supporting information (SI, Figure S1). The source
was heated to a temperature of 1020 ◦C, initiating the generation of Zn-vapor according to
the carbothermal reaction (1) and/or (2):

ZnO(s) + C(s) → Zn(g) + CO(g) (1)

ZnO(s) + CO(g) → Zn(g) + CO2(g) (2)

 

Figure 1. Schematic representation of the tube furnace system (a) and the corresponding temperature
profile during the ZnO growth (b). The sample positions are mapped to their respective process
temperatures by the colored indicators. The source is located at x = 0 cm and consists of a 1:1 mixture
(weight) of ZnO and graphite powder.

Before each growth process, the tube was evacuated to a pressure of 2 mbar for several
minutes. During the growth process, the pressure was kept at 10–15 mbar. As carrier gas
pure argon (Nippon gases, Madrid, Spain, 99.999%, 1–1.5 bar) was optionally mixed with
a mixture of argon and oxygen (Sanarc, 8% O2). All experiments were conducted with a
steady Ar (+O2) gas flow of 30 sccm. Note that minimal leakage in the system has to be
assumed, allowing the entry of O2 in the ppm range, needed to initiate ZnO formation [16].
The quartz glass tube was cleaned with concentrated hydrochloric acid (HCl, 37%) before
every growth process to ensure uniform growth parameters. This prevents a shift in the
ratio of VS to VLS growth mediated by a variation of the carbon concentration [11].

Laser irradiation was performed with a frequency-doubled Nd:YVO4 diode-pumped
solid-state (DPSS) laser (explorer XP 532-5, Newport Corporation, Irvine, CA, USA) emit-
ting ≈ 8 ns pulses (FWHM) of λ0 = 532 nm wavelength in TEM00 (M2 < 1.1) mode. The
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nanosecond-laser pulses were focused to a spot radius of 50 μm (1/e2) at normal incidence
to the substrate surface. The spot size was measured by fitting data from the knife-edge
method at multiple z-heights. The beam was scanned over the substrate by a galvanometer
scan head (SCANgine 14-532, Scanlab, Puchheim, Germany). More details on the laser
setup used for irradiation are found in the SI (Figure S2). The laser power was measured
with an LM-80V detector head (FieldMax II, Coherent, Santa Clara, CA, USA). The po-
larization state of the laser was measured with a polarimeter (Thorlabs TXP 5004 with
the PAN5710VIS scan head). Scanning electron microscopy (SEM) was performed on a
CrossBeam-Workstation (Gemini 2, Carl Zeiss, Oberkochen, Germany) with a silicon-drift
EDX-detector (Ultim®Max. Oxford Instruments, Abingdon, UK). Cross-sections of the sam-
ples were achieved by splitting the substrates after ZnO growth. Atomic force microscopy
(AFM, Nanoscope IV, Bruker, Billerica, MA, USA) was conducted in contact mode using
sharp nitride layer (SNL) tips (f = 56 kHz, k = 0.24 N/m). Gwyddion, an open-source
software, was used for the analysis of the particle’s size and density, as well as for AFM
image processing.

3. Results and Discussion

3.1. ZnO Growth Mechanism and Morphologies

As the ZnO-growth process is highly dependent on the complex combination of pro-
cess parameters, e.g., system geometry (tube diameter) [21], temperature (T) [14], gas
composition [15], and flow [15,22], pressure [21], type of substrate [23] and catalyst [12], the
morphology expressions depend on the growth-setup. To differentiate between effects con-
cerning the ZnO growth induced by the process parameters and those from laser irradiation
of the catalytic gold thin film, ZnO-nanostructures were generated on unirradiated Au thin
films with different layer heights (0.6–5.4 nm). Details about the thermal chemical vapor
deposition (t-CVD) process are explained in detail in the Section 2. Figure 2a shows ZnO-
nanostructures generated in a pure Ar–atmosphere (p = 12 mbar) at different temperatures
T (hence different distances to the Zn-source, growth time t = 10 min). ZnO growth in pure
Ar-atmosphere results in ZnO-nanorods (NRs) for all examined temperatures and gold
layer heights. Analogue SEM micrographs for T = 1000 ◦C (upstream) are illustrated in the
SI (Figure S3). The width and length of the NRs are dependent on the growth temperature.
Lower temperatures lead to thicker, but shorter, NRs. Upon introducing 1% O2 to the
carrier gas, a mixture of different morphologies consisting of thin nanowires (NWs) and
narrow nanobelts (NBs) are obtained at T = 800 ◦C (Figure 2b). The colors in Figure 2 match
the temperatures and sample positions illustrated in Figure 1.

The vapor-liquid-solid (VLS) growth process is characterized by gold nanoparti-
cles [12] forming liquid Au-Zn catalyst droplets, resulting in tip growth of nanostructures
from precipitated ZnO [11]. For the liquid-solid (VS) mechanism, the Zn directly reacts to
ZnO at the surface, resulting in ZnO bases (root growth). Although the presence of a noble
metal catalyst is not inherently necessary, the metallic nanoparticles act as energetically
favored nucleation sites for the Zn-vapor [24]. Both growth mechanisms are explained
in detail in the SI (Section S2). In Figure 3 the three main types of ZnO-nanostructure
morphologies grown in our setup, i.e., nanorods (NRs, 1D), nanowires (NWs, 1D) and
nanobelts (NBs, 2D), are exemplarily displayed. ZnO-NRs (Figure 3a–c) grow from a ZnO
base layer formed by the VS mechanism, as schematically illustrated in Figure 3g. As a
consequence, the NRs tip consists of {0001}-facets (Figure 3c), typical for the preferential
c-plane growth ([0001]-direction) of the strongly anisotropic wurtzite crystal structure of
ZnO [11]. NWs (Figure 3d–f) grow by the VLS mechanism, thus a gold particle is observed
at their tip, as highlighted in Figure 3f and schematically represented in Figure 3h. NBs
(Figure 3d–f) represent a two-dimensional ZnO growth, induced by excess Zn atoms, not
dissolved in gold nanoparticles, leading to a growth of the sides of NWs. This growth is
often initiated at the junction of two NWs as illustrated in Figure 3i [14].
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Figure 2. (a) Typical ZnO-nanostructures generated in a pure Ar–atmosphere at different temperatures
and gold thin film layer thicknesses (0.6–5.4 nm) (p = 12 mbar, t = 10 min, Tsource = 1020 ◦C). (b) Typical
ZnO-nanostructures generated under the same conditions as (a) but in an Ar + O2(1%)–atmosphere.
The colors match the temperatures and sample positions illustrated in Figure 1.

We want to emphasize that although we designated the term NRs to VS-grown nanos-
tructures and NWs to VLS-grown nanostructures to match the occurring morphologies for
our growth conditions, in general, both mechanisms can lead to very thin (wire-like) and
broad, faceted (rod-like) nanostructures. Comparing the morphology occurrence shown in
Figure 2 with the growth mechanism assignments illustrated in Figure 3, it is obvious that a
pure Ar-atmosphere leads to complete dominance of the VS mechanism, while the addition
of O2 leads to a concurrent VS and VLs ZnO growth. This finding needs to be considered
while investigating the growth of ZnO nanostructures on laser-generated catalysts. For
further nanostructure characterization, Figure S4 (SI) shows an exemplary EDX measure-
ment of ZnO nanostructures. All experiments compromising laser irradiation shown in
the following part of the work were conducted on samples with a gold film thickness of
2.8 nm, representing a medium value of the explored thin film thickness range (Figure 2).
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Figure 3. SEM micrographs (a,b: cross-sections) of ZnO-nanorods (NRs, a–c), -nanowires (NWs, d–f)
and -nanobelts (NBs, d–f). High magnification images of NRs (c) show the flat ZnO {0001}-facets
of VS-grown nanostructures, whereas the different VLS growth mechanism for NWs and NBs (f) is
seen by the bright Au-Zn alloy particle at their tip. (g–i) Schematic representation of the growth
mechanisms of NRs (g), NWs (h), and NBs (i). (dark blue: ZnO, cyan: Zn vapor, orange: Au,
turquoise: Si-substrate).

3.2. Au Catalyst Generation by Laser Irradiation

ZnO nanostructures grown on unirradiated samples, as discussed in the previous
Section 3.1, display a shortcoming of the common (t-CVD) induced semiconductor growth.
The substrate is homogeneously covered with similar noble metal catalysts, thus not
allowing the growth of different ZnO nanostructure types on a single substrate. In literature,
the spatial-selective generation of semiconductor growth is demonstrated, but again only
by binary growth control [19,20,25,26]. To address this limitation we used pulsed laser-
induced dewetting (PLiD) of the gold thin films before the thermally induced dewetting
and ripening occurring in the ZnO growth process. Dewetting fragmentizes existing
nanoparticles or -structures and ripening leads to the growth of one particle at the expense
of others (by material transfer), all affecting the Au catalyst sizes. The scan strategy for
areal-irradiation of the Au@Si-systems consists of a meandering scan path as explained in
detail alongside the laser setup in the SI (Figure S2).

Upon laser irradiation, multiple effects generating or modifying gold nanoparticles
occur. At the lowest laser energies, the initial thin film layer is dewetted by (PLiD). Striving
for the lowest surface energy, the film fragmentizes into smaller gold patches and nanoparti-
cles. This matter reorganization is mediated through thin film and filament instabilities and
results in the formation of increasingly smaller Au nanoparticles. To ensure the nanoparticle
formation to be as homogenous as possible, we conducted all experiments using circularly
polarized laser pulses. As a consequence, the formation of one-dimensional laser-induced
periodic surface structures (1D-LIPSS) is suppressed. Nevertheless, 2D-LIPSS consisting of

161



Nanomaterials 2023, 13, 1258

periodic arrays of relatively large, periodically arranged Au nanoparticles are formed at
higher energy doses [27]. 2D-LIPSS nanoparticles are fully covered with a thin SiO2 layer
and partly sunken in the silicon. Before the formation of the highly arranged 2D-LIPSS,
their predecessor structures are formed. These Au nanostructures are not periodically
arranged but are covered with a thin SiO2 passivation layer and are partly sunken into the
silicon wafer too. At high laser energy doses, laser ablation of Au leads to the formation
of a plasma. During the thermal relaxation following laser irradiation, the condensation
of the aforementioned Au plasma leads to the formation of small nanoparticles. Unlike
most other gold particles in this laser energy regime, these nanoparticles are not passivated
by a SiO2 layer and are located on the sample’s surface. For all mentioned effects, the Au
catalyst generation is schematically represented in Figure 4. PLiD, 2D-LIPSS generation,
and the formation of small Au nanoparticles by condensation are extensively described
in Durbach et al. [27]. The referenced work additionally illustrates the embedment of the
various nanoparticles types in the substrate. Further explanations on the formation and
properties of the passivating SiO2 layer are presented in Section 3.4.

Figure 4. Schematic representation of the most important effects responsible for Au catalyst genera-
tion upon nanosecond laser irradiation. Displayed in order of their occurrence upon increased energy
dose. Note that several effects may occur at the same time. Au nanoparticles (yellow) covered with a
SiO2-layer (cyan) are designated to be passivated hence called passivated nanoparticles (pNPs), in
contrast to exposed nanoparticles (eNPs) as known from traditional thermal dewetting.

As the passivation of the Au nanostructures has significant implications on the ZnO
growth, we classified the laser-generated nanoparticles into two categories. The first
category consists of passivated nanoparticles, covered with a thin SiO2 layer and partly
sunken in the Si-wafer, e.g., 2D-LIPSS and their predecessor structures. They are further
referred to as pNPs (passivated nanoparticles). The second category of nanoparticles
consists of exposed nanoparticles (eNPs) and includes particles generated by PLiD, as well
as particles formed by Au plasma condensation. The sum of all presented laser-induced
effects results in an initially increasing proportion of passivated Au. Due to laser ablation
and recondensation of Au nanoparticles, this trend is reversed for the highest laser energy
doses, e.g., effective pulse number N, as illustrated in Figure 4.

The size and area density of both particle types were extracted from SEM images
obtained by different detectors, as described in detail in the SI (Figure S5). To ensure
comparability for uneven Au nanostructure shapes, the sizes are indicated by an equivalent
to the radius of perfectly round particles possessing the same area. In Figure 5 the equivalent
radius r(eq.) (black) and the area particle density ρ (particle count per area, red) are shown
for particles generated by areal-irradiation using different effective pulse numbers N, a
line-to-line distance (hatch) of h = 3.3 μm, a pulse fluence of ϕp = 127 mJ/cm2 and a pulse
frequency of f = 100 kHz. As ZnO-growth takes place at high temperatures, we examined
the nanoparticle’s ripening and dewetting mediated by the temperatures present during
the heating phase of the ZnO-growth process. A blank growth cycle, analog to the regular
ZnO growth process, but using only trace amounts of ZnO/C, was conducted. As such the
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process conditions relevant to dewetting and ripening of the nanoparticles were controlled.
The ZnO nanostructure growth was consequently inhibited, while still allowing preliminary
ZnO-nucleation and Au-Zn alloying. This method enables a detailed study of the active
catalyst particles and the temperature-mediated changes to r(eq.) and the area density ρ
are observed by comparing Figure 5a/b to Figure 5c/d. The dashed lines in Figure 5d
represent the values concerning Au particles generated only by heat-induced dewetting
(unirradiated: N = 0).

 

Figure 5. Equivalent radius r(eq.) (black) and area particle density ρ (red) of gold nanoparticles after
laser irradiation (a,b) and after a subsequent heating process at a substrate temperature T = 925 ◦C
(c,d) for both, passivated (pNPs, a,c) and exposed (eNPs, b,d) gold nanoparticles. The dashed lines
represent the value for Au particles generated by the heating induced dewetting on unirradiated
samples (N = 0).

Passivated nanoparticles (pNPs, Figure 5a) show a particle density peaking at about
N = 50 (ϕp = 127 mJ/cm2). For higher N the particle density converges to a value of about
3 particles/μm2 as a result of the self-regulated 2D-LIPSS formation. Upon increasing N
the size of 2D-LIPSS nanoparticles increases to a maximum of ~124 nm (N = 498) before
slightly diminishing, as expected for LIPSS generation [28]. This decrease in the pNPs’ size
is explained by the partly ablation of the gold layer upon high energy doses, leading to
the formation of small re-condensed Au-NP. At temperatures of 925 ◦C the pNPs undergo
thermal dewetting, resulting in an increased count of smaller pNPs. Particles generated in
the 2D-LIPSS generation parameter range, e.g., greater than N = 100 for ϕp = 127 mJ/cm2,
are relatively unaffected by the heating process, as they are well separated by the prior
self-organization process. Exposed nanoparticles (eNPs, Figure 5b) show fairly constant
particle sizes and densities for N smaller than 100, with an increase in the particle density by
an order of magnitude and initial size drop for effective pulse numbers N greater than 100.
This binary particle formation results from the aforementioned Au condensation from ns-
laser laser ablation-generated plasma. Upon increasing N, the particle sizes (r(eq.)) decline
constantly starting from a value of 27.1 nm for unirradiated samples. For the highest pulse
numbers, a slight increase of r(eq.) is observed. After heating, the areal density ρ(eNPs)
initially increases upon increasing N due to a dewetting process. After this initial increase, a
dip in the particle density is observed. This laser parameter regime is optimal for 2D-LIPSS
formation, resulting in an overall maximal proportion of Au residing in pNPs. Additionally,
ρ(eNPs) the high particle density allows for additional particle fusing/ripening.
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In conclusion, progressively more Au is allocated to pNPs upon increasing N, leading
to an increase in their size. As pNPs generated with higher N are already in a favorable
energetic state, they are relatively unaffected by the heating process. The interplay of the
dewetting of the initial thin film, emerging nanoparticles from laser ablation and thermal
ripening, results in the density of eNPs fluctuating in a range of 40–80 particles/μm2,
while their size shrinks. Only for the highest energy doses, a slight increase of r(eq.,
eNPs) is observed. Overall the size and area density of pNPs and eNPs are consistent
with expectations concerning all laser irradiation effects summarized in Figure 4 and the
subsequent thermal treatment.

Atomic force microscopy (AFM) measurements were performed to acquire topograph-
ical images, as well as surface roughness information (RMS (sq.)), of the laser-modified
catalysts for selected effective pulse numbers N. (Figure 6). The colored markers help to as-
sociate the data across several figures (Figures 6–9). Note that for N = 745 and N = 2983 the
roughness calculation was performed in the interstitial space between 2D-LIPSS to omit the
relatively long-ranged surface modulation induced by the 2D-LIPSS formation (periodicity
of ca. 510 nm), which is not assumed to have any notable effect on the ZnO nucleation. As
for the reduction of the RMS values upon increasing N, less favorable nucleation for the Zn
vapor on irradiated surfaces is expected. As a consequence, VS growth is inhibited.

Figure 6. AFM measurements of gold-coated Si-wafer, irradiated with different effective pulse
numbers N (ϕp = 127 mJ/cm2) and subsequently heating to T = 925 ◦C. The RMS (Sq.) value indicates
the surface roughness. For N = 2983 and N = 745 the roughness calculation was performed in the
interstitial space between 2D-LIPSS. The color code for different pulse numbers corresponds to all
images from Sections 3.2 and 3.3, i.e. Figures 6–9.

3.3. ZnO Growth on Laser-Generated Catalysts

Concerning the root growth (VS) of ZnO nanostructures, Chandrasekaran et al. [29].
attributed the diameter of NRs/NWs to be dependent on the temperature T, the ratio of
the semiconductor (e.g., Zn) at the interface, and the interfacial energy σ. The surface
particle curvature [30], being a function of r(eq.), and the surface roughness (RMS) [31]
are both affected by laser irradiation, as investigated in Section 3.2. Consequently, all
laser-irradiated catalysts show altered surface energies, i.e., nucleation properties, and are
assumed to directly affect ZnO growth. Figure 7a,b shows an optical image and cross-
sectional SEM images of ZnO-NRs respectively (Ar, T = 925 ◦C, t = 10 min). Figure 7c
shows analogous cross-section micrographs of shorter, but wider ZnO-NRs grown at a
lower temperature T = 875 ◦C. In Figure 7d/e the width (black) and height (orange) of the
NRs from Figure 7b/c are shown. While the height (orange) remains relatively constant
and similar to those grown on unirradiated samples (N = 0), a significant decrease in the
NRs´ width (black) can be observed upon increasing N. Comparing the NRs´ width with
the particle analysis data shown in Figure 5, the pNPs seem to have no significant influence
on the VS-grown NRs. In contrast, the decrease in the NR’s-width (upon increasing N)
correlates strongly with the diminishing of r(eq., eNPs). Likewise, the error bars, narrowing
for r(eq., eNPs), correlate to more uniformly grown NRs (smaller error bars, Figure 7d,e).
Although the VS mechanism responsible for the growth of NRs does not inherently require
the presence of a gold catalyst, the exposed Au surface of the eNPs seems to be most
influential for the ZnO growth. The Au surface is the energetically favored nucleation
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site [24]. An additional growth of a thick ZnO accumulated base layer (marked with blue
dashed lines in Figure 7b,c and magnified in Figure 3a) is observed. This layer´s height
diminishes continuously upon increasing the effective pulse number N, finely being barely
visible for N = 2983. Consequently, the pulsed laser-induced dewetting (PLiD) of the Au
catalyst layer may not only lead to a gradual control of the NRs´ width but also to an
improvement of the NRs´ homogeneity and reduction of ZnO accumulations at the wafer
surface. The effect of the laser irradiation on the NRs´ width is most apparent for thicker
NRs as depicted in Figure 7c,e.

Figure 8a,b shows r(eq.) and ρ of laser-generated catalysts formed using a higher pulse
fluence of ϕp = 160 mJ/cm2 and after heating (T = 925 ◦C). In Figure 8c the width and
height of the corresponding ZnO-NRs are depicted. Similar to the laser irradiation with
lower pulse fluences (ϕp = 127 mJ/cm2, Figure 7), no noticeable effect of the pNPs on the
ZnO-NRs´ growth or properties is observed, while the NRs´ growth is strongly influenced
by the size of the eNPs. As aforementioned, the initial decrease of r(eq.) and ρ for eNPs is
explained by the PLiD, while the re-increase is mediated by the condensation of Au from
an ablation-induced plasma upon high laser energy doses. The higher pulse fluence of
ϕp = 160 mJ/cm2 allows for a significant change in the ZnO-NR density, induced by the
significant decline of ρ(eNPs) and thus resulting in a nearly complete suppression of ZnO
growth for N = 298 (Figure 8d). The suppression of VS-mediated ZnO growth is assumed
to be also a consequence of the SiO2 layer formation.

 

Figure 7. (a) Photography of a ZnO-NR covered Si-wafer compromising irradiated areas
(ϕp = 127 mJ/cm2, t = 10 min, T = 925 ◦C). (b) Scanning electron microscopy cross-sections of
the sample shown in (a). (c) Cross-sections of shorter, wider ZnO-NRs (ϕp = 127 mJ/cm2, t = 10 min,
T = 875 ◦C) showing the same trend of thinning upon increasing N. (d,e) Width (black) and height
(orange) of ZnO-nanorods shown in (b) respectively (c). The dashed lines in (d,e) represent ZnO-NR
grown on unirradiated areas (N = 0).
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Figure 8. (a,b) Equivalent radius r(eq.) (black) and area particle density ρ (red) of gold nanoparticles
((a) pNPs, (b) eNPs) after laser irradiation and thermal treatment (925 ◦C). (c) Width (black) and
height (orange) of ZnO-NRs. (d) Electron microscopic images (cross-sections) of ZnO-NRs generated
with different effective pulse numbers N. (ϕp = 160 mJ/cm2, t = 10 min, T = 925 ◦C).

Figure 9. (a,b) SEM cross-sections of ZnO-nanostructures (Ar + 1% O2, t = 10 min, T = 800 ◦C,
(a) ϕp = 127 mJ/cm2, (b) ϕp = 160 mJ/cm2) showing a decrease of VLS-grown nanostructures
(nanowires and -belts) upon increasing energy dose.

The ZnO-NR growth shown above is dominated by the root-growth mechanism
(VS), i.e., mediated by the surface’s eligibility as a nucleation site (surface energy σ). In
contrast, the VLS process is mediated by a gold catalyst, alloying Zn from the environment
and forming a ZnO-NW at its bottom (tip growth). As a consequence, the temperatures
and the partial gas pressures at the substrate need to be in the correct range to allow Zn
supersaturation and Au-Zn alloy formation. As discussed in Section 3.1, VLS-mediated
ZnO growth was achieved by changing the partial gas pressures upon adding 1% of O2 to
the Ar carrier gas. To obtain the nanostructures shown in Figure 9, samples were prepared
and irradiated analogously as those shown in Figures 7 and 8 and placed in the furnace
using growth parameters favoring the VLS-growth mechanism (Ar + 1% O2, T = 800 ◦C,
t = 10 min). Upon increasing the laser energy dose, a steep decline in the occurrence of
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VLS-grown ZnO nanostructures (NWs, NBs) is observed in the cross-sectional SEM images
shown in Figure 9.

The VLS growth is suppressed by two distinct laser-induced mechanisms. First of all
the passivated 2D-LIPSS and their predecessors (pNPs) are partly sunken in the silicon
wafer [27] and therefore bound to the substrate, impeding the ability of the catalyst to
lift-off away from the surface and consequently inhibiting tip growth (VLS). Although
not covered by a SiO2-layer, Au nanoparticles generated by laser ablation and reconden-
sation are slightly embedded in the underlying SiO2 layer, also inhibiting a lift-off. For
thermally dewetted metals, this interaction of the metallic nanoparticles with the substrate
is commonly assigned to the contact angle [13]. Furthermore, laser irradiation leads to
the formation of small Au nanoparticles (Figures 5 and 7). For VLS growth the precur-
sor activity needed to fulfill the necessary chemical potential is hardly ever reached for
nanoparticles with a diameter smaller than 10 nm [32]. This critical particle diameter
matches the smallest laser-generated particles in this work. Appropriate to both assumed
VLS impeding mechanisms, Figure 9 shows the decrease in VLS-grown structures, i.e.,
the occurrence of NWs and NBs, upon higher laser energy doses. Incidentally, this also
leads to a decrease in the overall ZnO nanostructure height, as VLS-grown nanostructures
overgrow ZnO-NR as seen in Figure 9 for N = 0.

3.4. Effects of the Laser-Induced SiO2 Layer

Additionally to the well-examined nanosecond (ns)-laser-induced changes for the
Au catalysts, a change in the Si-surface through amorphization and oxidation, occurring
during the 2D-LIPSS generation (ca. N > 100), may further influence the interfacial energy
σ [27,28]. The laser-induced formation of a passivating SiO2 layer, well-known in ns-laser
LIPSS formation literature [27,33,34], plays a significant role in the laser pulse-modified
growth of ZnO nanostructures. A detailed description of the SiO2-layer and corresponding
EDX analysis can be found in Reinhardt et al. [34]. The SiO2 layer existing on pNPs inhibits
Au-Zn alloy formation and thus prevents the growth of VLS-induced ZnO-nanostructures.
Simultaneously the roughness and surface energy are altered, consequently affecting the
ZnO nucleation (VS). In Figure 10a a photograph of a Si-wafer, irradiated with different
laser parameters, is displayed after ZnO-growth. Figure 10b shows an identically prepared
Si-wafer, immersed in freshly prepared aqua regia (nitro-hydrochloric acid: 1:3 HNO3:HCl,
30 s) and subsequently immersed in hydrofluoric acid (HF, 1M, 60 s), before the ZnO growth
process. The etching-process results in the removal of eNPs in the first and the removal
of the SiO2 layer in the second step, laying bare the pNPs, e.g., 2D-LIPSS. The effects of
both consecutive etching steps are schematically illustrated in Figure 10c. Contrarily to
the untreated wafer seen in Figure 10a, the etched sample shows hardly any growth of
ZnO nanostructures at unirradiated areas, as the gold thin film, acting as a catalyst, is
completely removed. ZnO-nanostructures, seen as bright areas in Figure 10b, grow on the
laid bare gold particles (formerly pNPs) situated at irradiated areas. Therefore ZnO growth
is seen even for the lowest energy dose used in this work (top right corner of the substrate,
ϕp = 112 mJ/cm2, N = 15). The same etching technique allows for a spatially controlled
growth of ZnO-nanostructures, as it removes the Au catalysts in all unirradiated areas,
while the formerly passivated nanoparticles (pNPs) reside and are now exposed. This
oppositional ZnO growth behavior can be further observed in a video of the growth process
of untreated (left) and etched (right) samples at different temperatures (SI, Video S1). It
should be noted, that the bonding of these exposed, formerly passivated nanoparticles to
the substrate, only allow for VS-growth for the growth setup used in this work.
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Figure 10. (a,b) Photography of an irradiated, initially gold-coated silicon wafer, overgrown with
ZnO nanostructures. The wafer in (a) remained untreated after laser irradiation, whereas the wafer
in (b) was consecutively treated with aqua regia and hydrofluoric acid before the ZnO growth.
The visibly modified regions were irradiated with decreasing N (2984 to 15) from left to right and
increasing pulse fluence ϕp (112 to 160 mJ/cm2) from top to bottom (t = 10 min, T = 800 ◦C).
(c) Schematic representation of the etching process including aqua regia and hydrofluoric acid,
illustrating its effects on the gold nanoparticles and the silicon dioxide layer.

3.5. Overview of Laser-Irradiation’s Effects on ZnO Growth

As both, the laser-induced generation of gold catalysts and the subsequent ZnO
growth compromise a plethora of different effects, the laser irradiation’s ability to affect
ZnO growth should be recapitulated by highlighting the most important contributory
factors. In general, the growth setup and the growth conditions determine the partial gas
pressures of the reactive species in the vicinity of the substrate. Growth conditions are
thus set for the entirety of the substrate, leading to predetermined ZnO nanostructure
properties, e.g., morphology, height, width, and density. Laser irradiation of the Au surface
before ZnO growth allows the generation of different Au catalysts. Depending on the
laser parameters, e.g., pulse number N and pulse fluence ϕp, the size, density, and type
of the laser-generated catalysts can be spatial-selectively controlled. For the system of
Au@Si used in this work, two distinct types of Au-catalysts are generated. A part of the
Au nanostructures is passivated with a thin SiO2 layer and/or partly embedded in the
substrate. As a consequence, the surface energy σ and predisposition for Au-Zn alloy
formation, and therefore the VS and VLs growth mechanisms, are altered locally (Figure 9).
Likewise, the density and size of the catalyst (Figures 4 and 5) have similar influences on the
ZnO nanostructures’ width or density (Figures 7 and 8). These parameters are a function of
the applied laser energy dose. In Figure 11 the key aspects of the aforementioned interplay
of ZnO growth conditions and the laser irradiation’s effects are schematically summarized.

The spatial-selective and gradual change of the irradiated areas is evident by observing
the different shades, corresponding to macroscopic optical properties, shown for a ZnO-
covered Si-wafer in Figure 12. Complementary, Figure S6 (SI) shows an overview of
the boundary of an irradiated and unirradiated ZnO-overgrown area, illustrating the
effect of the irradiation on the ZnO-NRs’ width and ZnO morphology-occurrence. The
nanosecond laser-induced generation of Au catalysts shown in this work establishes a
proof of principle for a maskless, controllable manipulation of ZnO nanostructures. By
adjusting the irradiation conditions the presented principles are expected to be expandable
to a variety of substrate materials. Likewise, a variation in the thickness of the underlying
SiO2-layer could lead to additional growth control. By allowing better control of the growth
mechanism, e.g., by changing to a pure Zn-source, the laser-induced changes to the VLS
growth should become even more apparent. The control of ZnO properties achieved in this
work may be explored for complex ZnO nanostructure designs for opto-electrical devices.

168



Nanomaterials 2023, 13, 1258

Figure 11. Schematic representation of the spatial-selective laser irradiation’s effect on ZnO nanos-
tructure growth as compared to the growth setup and conditions. Note that additional cross-relations,
which are of less importance and thus not illustrated, may occur.

 

Figure 12. Photograph of a ZnO-nanostructure overgrown Si-wafer. The various shades correspond
to different ZnO nanostructures grown on different laser-generated Au-catalysts.

4. Conclusions

While the current state-of-the-art ZnO growth mostly relies on binary growth control,
we successfully demonstrated ZnO structures grown on ns-laser-modified gold catalysts,
resulting in a plethora of different ZnO-nanostructures on a single Si-substrate in a maskless
process. The catalyst modification involves pulsed laser-induced dewetting (PLiD) and
2D-LIPSS (and predecessor structures) formation, leading to two distinct gold particle
types. Passivated gold nanoparticles (pNPs) are partly sunken into the wafer and covered
by a thin SiO2 layer leading to an active reduction in participating Au in the growth
process. Exposed nanoparticles (eNPs) are playing a more active role in the ZnO growth
process. Although their size and density ultimately change during the heating process
through thermal dewetting and ripening, laser irradiation determines their final density
and size. AFM measurements show additional modifications to the surface´s RMS value
upon laser irradiation. Concerning ZnO nanostructures grown by a VS mechanism, we
demonstrated the laser-induced alteration of the density and width of ZnO nanorods, as
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well as the height of an underlying accumulated ZnO layer. In the process-parameters
regime favoring VLS growth, we demonstrated the laser-induced control of the morphology
occurrence by gradually suppressing the growth of ZnO-nanowires and –belts. This spatial-
selective control of ZnO nanostructures may allow the development of new optoelectronic
nanodevices, with ZnO being a relevant but affordable semiconductor.
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