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ABSTRACT: This work reports a one-pot chemical bath
deposition (CBD) method for the preparation of selectively
grown, morphology-tunable zinc oxide (ZnO) nanostructures
provided via straightforward nanosecond fiber laser ablation.
Nanosecond fiber laser ablation is different from lithographic
methods due to its simple, time saving, and efficient film scribing
abilities. Here, multiple morphologies of the ZnO nanostructures
on the same substrate have been grown via laser ablation of the
ZnO seeding layer. Selective and controlled ablation of the
titanium layer, ZnO growth inhibitor, resulted in systematic growth
of nanorod arrays, while the application of extensive fluence
energies resulted in the penetration of the laser beam until the glass
substrate induced the nanoflake growth within the same CBD
environment. The laser penetration depth has been numerically investigated via COMSOL Multiphysics heat module simulations,
and the optical variations between two nanostructures (nanorod and nanoflake) have been examined via Lumerical FDTD. The
simultaneous growth of two morphologies served as an efficient tool for the enhancement of photoluminescence intensities. It
increased the average charge carrier lifetimes of the thin films from approximately 2.01 to 9.07 ns under the same excitation
wavelengths. The amplification in PL performances has been accomplished via the capstone of all-inorganic halide perovskite (IHP)
deposition that brought a successful conclusion to lifetime responses, which have been increased by 1.4-fold. The development of
IHP sensitized nanoscaled multimorphological ZnO thin films can, therefore, be used as potential nanomaterials for light-emitting-
device applications.

KEYWORDS: ZnO photoluminescence, multimorphological ZnO, nanosecond fiber laser ablation, laser-assisted patterning,
COMSOL heat distribution

■ INTRODUCTION

The growth of ordered and arranged micro- and nanostruc-
tures on predetermined regions has demonstrated a significant
enhancement in their material properties. To date, a large
variety of patterning techniques have been reported in the
literature among which template-based techniques, solvent
assisted patterning, lithographic methods, such as e-beam,
nanosphere, and nanoimprinting lithography, and atomic force
microscopy nano machining are the most prominent ones.1−4

Among the distinctive features of the patterned nanostructures,
such as the generation of plasmonic colors, photonic band
gaps, meta-surfaces, slow photons, the light manipulation
ability is the one that has the most prominent impact on light
associated applications.5−10 Recent studies conducted in the
field of photovoltaic, light-induced catalysis and optoelectronic
devices have obtained fruitful outcomes in virtue of the
patterning effect.11−19 By establishing control over the shape,

size, and distance between pattern features, the manipulation
of photon behavior has been achieved. The research reported
by Kang et al. has demonstrated improved field emission
performance as a result of patterned zinc oxide (ZnO) growth
via microcontact printing.1 In another study, the photolitho-
graphic growth of nanocone structures has exhibited
remarkable antireflective features.20 Thus, due to the increasing
interest in patterned micro/nanostructured arrays, the
implementation of morphology-tunable ZnO has been pushed
forward into this area as well.21−23
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As a successful representative of metal oxide semiconducting
materials, ZnO has lately attracted lots of attention owing to its
distinctive and characteristic features such as high surface-to-
volume ratio, a large variety of 1D−3D micro/nanostructures,
direct and tunable bandgap (3.37 eV), long-term stability, and
eco-friendly nature. A vast diversity of ZnO application areas
has been encountered heretofore of which photocatalytic/
photoelectrochemical applications, piezoelectric devices, sen-
sors, photodetectors, and LEDs are the most common
ones.24−30 Optical properties and luminescence abilities of
ZnO have been intensely investigated via the inclusion of
surface and bulk defects (doping) into material that resulted in
the formation of midgap energy levels.31−33 Moreover, the
selected synthesis method and preferred crystal growth
mechanism and orientation of ZnO have been proven to be
highly effective on the defect density and, consequently,
luminescence abilities. In one of the present studies, Yang et al.
have investigated the differences in luminescence wavelengths
of three differently synthesized ZnO nanoparticles and
examined their effects on performances of organic photo-
voltaics.34 The incorporation of different kinds of defects
during distinct synthesis methods has been proposed as the
main cause of luminescent color variation. Another study
performed by Bora et al. analyzes the effect of annealing on
hydrothermally grown ZnO nanorod (NR) arrays.35 The study
reveals a significant increase in the number of defect states up
to 250 °C, while further heating resulted in defect passivation
and a severe decrease in PL intensity.
By using a different approach to defect incorporation,

Chanda et al. have analyzed the luminescence properties before
and after cobalt doping.36 All of the studies mentioned above
have examined the PL properties of ZnO nanoparticles and
continuous thin films. However, a limited amount of research
has been reported on the distinguishable differences in the
optoelectronic properties of selectively grown ZnO. For
instance, Dai et al. have studied the changes in transmittance
properties as a result of nanoimprint-lithography-based ZnO
NR patterning.37 Another study conducted by Hassanpour et
al. investigated selective growth of NR via lithographic
methods where a slight red shift has been observed as a result
of patterning.24

Despite remarkable numbers of studies reported on the
patterned growth of ZnO micro/nanoarrays in the literature,
most of them are based on expensive and time-consuming
lithographic methods. Although the resulting patterns are
highly controlled and arranged, the reproducibility of these
devices seems highly sumptuous. Therefore, novel, cost-
effective, and time-saving patterning methods have been
investigated lately.22,38−41 One of the proposed methods by
Murillo et al. focuses on the ZnO preference medium, where
the nucleation and growth of the nanostructures take place on
a certain seed layer comparatively faster than on the other thin-
film layer.40 The study reports that the growth of patterned
ZnO nanosheet arrays on the growth promoter aluminum
nitride (AlN) seed layer is 4 times faster than that on
neighboring gold (Au) thin film. Although the given study has
reported a highly successful selectivity, costly and time-
consuming photolithography and lift-off techniques have
been used to pattern AlN and Au films. Besides, optoelectronic
properties of the resulting patterned thin films are remaining
unclear and require further investigations.
Motivated by the ZnO growth medium preference, herein,

we report a brand new, seed layer selective, multimorpho-

logical ZnO nanostructure formation technique through one-
step hydrothermal growth. For the very first time in the
literature, a nanosecond (NS) fiber laser has been applied on
bilayer titanium/zinc oxide (Ti/ZnO) thin films for the
selective ablation of the upper Ti layer at different fluence
energies. The ZnO layer revealed as a result of controlled
ablation is a promotive seed layer for fast and homogeneous
NR growth, while the remaining Ti layer plays the role of ZnO
growth inhibitor. Moreover, the delamination of thin film
through the glass at higher ablation power throughput results
in the growth of nanoflake (NF). Hence, a feasible ablation has
been applied on the bilayer of Ti/ZnO coated substrates,
where the growth of NF and NR structures has been
concurrently maintained via one-step hydrothermal ZnO
growth. The presence of multimorphologically grown ZnO in
a selective manner on a single substrate has provided the
composite photoluminescence (PL) peak formation.
Moreover, the combination of different luminescence

wavelength regions provided by NR and NF structures is
found as a suitable optical property for upcoming light-
emitting, optoelectronic device cultivation studies. Addition-
ally, mathematical modeling has been conducted to explain the
rationale behind the laser ablation of ZnO/Ti thin films. More
specifically, COMSOL Multiphysics Heat module simulations
have been used to determine the effects of laser heating on the
thin-film layers. Furthermore, Lumerical FDTD has been used
to simulate the optical variations between NR and NF
structures. Further enhancement in the light emission
performance of the patterned ZnO thin films has been
achieved via inorganic lead halide perovskite sensitization.
Hence, the present study reports numerous novelties based on
a smart and efficient way of maintaining patterned ZnO growth
via NS laser ablation. Besides, easily patterned ZnO thin films
embodying two different nanostructures have been decorated
with a polycrystalline perovskite layer. For the very first time in
the literature, their combined luminescence performances have
been investigated. The notable increase in PL performances
has turned the developed system into a strong potential
candidate for future light-emitting device applications.

■ EXPERIMENTAL SECTION
Indium−tin−oxide (ITO) coated glass substrates have been
purchased from Teknoma Technological Materials Industrial and
Trading Inc. (Izmir, Turkey). Zinc oxide (ZnO, 99.99%) and titanium
(Ti, 99.99%) sputtering targets have been procured from
Plasmaterials, Inc. (California, USA). Zinc chloride (ZnCl2) and
hexamethylene tetraamine, C6H12N4 (HMTA), purchased from
Sigma-Aldrich (Schnelldorf, Germany) have been used as the zinc
source and precursor, respectively. All chemicals have been used as
received without further purification.

ITO coated glasses have been used as substrates for thin-film
deposition. The principle was to create a double-layer thin film
containing ZnO and Ti, consecutively, which provides different
growth environments for CBD grown ZnO nanostructures. ZnO,
playing the role of the seed layer (i.e., the growth promoter layer), has
been deposited via RF magnetron sputtering (Vaksis Midas PVD-
MT/2M2T, Ankara, Turkey) under an ultrahigh vacuum of 10−6 Torr
in a chamber filled with 99.999% pure argon gas at 60 W for 6 min.
The deposited ZnO films have been further annealed at 300 °C for 30
min under 13 sccm of N2 gas flow. This step has proceeded with the
sequential deposition of the Ti layer at 100 W for 16 min. ZnO
nanostructure deposition has been performed in an aqueous solution
of 0.03 M ZnCl2 and 0.06 M HMTA at 80 °C for 3 h.

A ytterbium fiber laser with 1064 nm wavelength (FiberLAST,
Ankara, Turkey) has been used for selective ablation. Detailed
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equations used in laser parameter calculations and basic device
parameters (Table S1) are specified in the Supporting Information.
Two fluence energy values have been selected for laser scribing which
are (I) 28.43 J·cm−2 obtained under 25 W, 70 kHz, and 5500 mm·s−1

and (II) 3.72 J·cm−2 generated via 7 W, 150 kHz, and 4500 mm·s−1.
The initial ablation at high fluence energy has been applied in order to
ablate the whole film from the surface, while the latter one represents
more controlled scribing where the depth of the laser beam has been
controlled up to the ZnO layer. SAM Light software has been used in
order to sketch the ablation patterns for NS fiber laser scribing
geometries.
CsPbBr3 has been deposited on patterned thin films using the spin-

coating technique. Briefly, a dimethylformamide (DMF) solution of
1.0 M PbBr2 has been spin-coated onto the preheated, patterned thin
films at 2000 rpm for 30 s, followed by drying at 80 °C for 1 h.
Subsequently, a butanol solution of 0.07 M CsBr has been spin-coated
on the PbBr2 layer at 2000 rpm for 30 s and rinsed with isopropanol.
Two different perovskite compositions have been obtained by varying
the number of spin cycles of CsBr solution, where one cycle of CsBr
spin-coating resulted in the formation of CsPbBr3−Cs4PbBr6
composite crystals. In contrast, five cycles of CsBr deposition
eventuated in pure Cs4PbBr6 crystals. Both films have been
transformed into their final crystal form after being annealed at 280
°C for 10 min.
Morphological investigations have been carried out via scanning

electron microscopy (QUANTA 400F Field Emission SEM). A Nikon
Eclipse LV 150N optical microscope has been used to characterize the
substrates after laser ablation steps and to maintain the control over
the penetration depth of the laser beam. Crystalline structures have
been thoroughly studied via X-ray diffraction and X-ray absorption
fine structure spectroscopy (XAFS) analyses (SESAME (Synchrotron-
light for Experimental Science and Applications in the Middle East),
Allan, Jordan). Photoluminescence analysis has been conducted via a
Horiba Jobin-Yvon Florog-550 photoluminescence (PL) system with
a 325 nm line of a 50 mW He:Cd laser. Charge carrier lifetime
measurements have been carried out via Edinburgh Instruments
FLS1000 Spectrometer at KUYTAM (Koc ̧ University Surface Science
and Technology Center, Istanbul, Turkey).

■ RESULTS AND DISCUSSION

The primary investigation has been commenced with the
analysis of the resulting nanostructures grown in the same
CBD solution containing ZnCl2 and HMTA on two different
substrates, which are ZnO seed layer deposited ITO glass and
laser processed ITO/ZnO/Ti layer. ZnO and Ti thin films
having thicknesses of 150 and 110 nm, respectively, have been
deposited alternately via RF magnetron sputtering under an
argon gas atmosphere at a high vacuum. The ZnO seed layer
provides a favorable environment for easy and fast ZnO
nanorod nucleation, while Ti plays the role of the ZnO
nucleation retardant agent. Primarily, two control samples have
been prepared to investigate the changes in the resulting
nanostructures grown via CBD processes before and after laser
ablation steps (Figure 1A). The given samples have been
named as S1 for the pristine ZnO seed layer substrate and S2
for the laser processed substrate. More specifically, S1 had only
a ZnO seeding layer deposited on ITO coated glass. On the
contrary, S2 consisting of seriatim ITO/ZnO/Ti layers has
been fully scribed under the applied fluence energy of 28.4 J·
cm−2 (25 W and 70 kHz), which is the maximum energy
provided by our laser system. The calculations for the fluence
energy and applied laser parameters have been given in the
Supporting Information (eqs S1 and S2). SEM images given in
Figure 1B show the formation of the hexagonal NR arrays
grown on the pristine ZnO seeding layer (S1). As can be seen
from the given SEM image, the distribution of rods throughout
the substrate is highly dense, with an average diameter of
approximately 350 nm. On the other side, Ti coating and laser
scribing of the surface provided the formation of 2D-hexagonal
ZnO NF (Figure 1C). Besides, the obtained film formation
throughout the substrate is not as dense as in the preceding
sample, as the orientation of individual NFs is not
homogeneous. It can be observed from the provided SEM
outcomes that certain regions of the film appear to be quite
bold.

Figure 1. (A) Experimental process steps consecutively: (1) ZnO deposition via sputtering on ITO coated glass substrate followed by either (1A)
CBD step for NR growth or (2) Ti deposition and laser hatching for (2A) NF growth via the same CBD solution. (B) Top view and magnified
SEM images of NRs showing a homogeneous distribution of film throughout the substrate having a unidirectional orientation. (C) Top view and
magnified SEM images of NFs showing a scattered distribution of film throughout the substrate having a dispersed orientation.
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In contrast, other regions contain agglomerated flakes
revealing distinct formations as in the magnified image.
EDAX results obtained from both NR and NF structures
have been additionally specified in Figure S1 as interpretive
data showing the characteristic differences in Zn:O ratios
between two nanostructures. More specifically, the NR had Zn
rich character, while the NF had O rich character.
Further characterizations of the NR and NF structures have

been performed via X-ray diffraction (XRD) and absorption
analyses. XRD patterns of the resulting nanostructures are
given in Figure 2A and B. As evidenced by SEM images, a
significant difference can be observed between the homoge-
neities and continuities of NR and NF thin films, where NR
film formation appears to be much denser and uniform
throughout the substrate. In comparison, NF formations
generate a more dispersed and non-homogeneous film
structure. XRD analysis of both thin films proves the presence
of hexagonal wurtzite ZnO structure due to its characteristic
diffraction peaks at [100], [002], and [101] crystallographic
planes.42 NR film formation has revealed its most substantial
diffraction peak at the [002] plane approving the thin film’s
one-directional (c-axis) growth preference. In comparison,
XRD patterns obtained from NF films confirm the less dense
thin-film formation due to significantly smaller diffraction
peaks at low angles, which corresponds to the amorphous
nature of soda-lime glass substrate and comparatively lower
wurtzite hexagonal ZnO peak intensities.43

Further investigations of the crystalline properties and
electronic structure of ZnO thin films have been conducted
via X-ray absorption fine structure spectroscopy (XAFS). The
given analyses serve for two types of detailed material property
investigations: (I) X-ray absorption near edge structure
(XANES) provides information about the chemical environ-
ment (magnetic and charge states, chemical bonding, etc.) of
elements, and (II), extended-XAFS (EXAFS) focuses more on

a local arrangement of atoms providing quantitative
information such as coordination number and bond lengths.44

XANES spectra obtained from NR and NF are illustrated in
Figure 2D with a corresponding inset focusing on the 9660−
9680 eV range. The given inset figure specifies a slightly
noticeable shoulder and three main peaks, labeled as A (9664
eV), B (9669 eV), and C (9680 eV), respectively, which can be
attributed to the excitation of Zn core electrons from 1s to the
unoccupied 4p states.45,46 Comparing the XANES spectra for
two nanostructures individually, a distinguishable difference
can be observed at the maximum intensities of electric field
vector E of X-rays, where NF generates higher absorption
compared to that of NR. Additionally, a tiny shift in the eV
values of peak B can be attributed to differences in the local
band structure of NRs absorbing X-rays with their (0001)
facets having an average diameter of 350 nm. In comparison,
NFs having a random structural orientation reveal both (0001)
and (1010) planes with micron-sized features and therefore
contribute to stronger absorption (Figure 2C). Figure 2E
represents the k3- weighted χ(k) EXAFS results obtained as a
result of atomic background extraction from XAFS spectra via
computer-aided ARTEMIS and ATHENA software for the
detailed investigation of the local atomic structures. To
quantitatively examine and compare the structural differences
between ZnO NR and NF structures at Zn K-edges, the
obtained EXAFS data has been Fourier transformed, as given
in Figure 2F.
The overall data is in good agreement with previously

reported wurtzite ZnO spectra, where the primary peak at
around 1.5 Å is generated as a result of the contribution of the
four closest oxygen atoms (first coordination shell) surround-
ing the absorbing Zn atom.46−48 The second strong peak at
approximately 2.9 Å originates as a result of outer coordination
shells formed in between 12 neighboring Zn atoms. Perform-
ing the individual comparison between two nanostructures, the

Figure 2. XRD spectra of wurtzite (A) ZnO NR with a strong [002] diffraction peak denoting the c-axis orientation and (B) ZnO NF with a hump
at smaller diffraction angles appearing due to bare soda-lime glass substrate. (C) Schematic representation of rod and hexagonal flake structures and
their facets. (D) XAFS, (E) XANES, and (F) EXAFS spectra obtained from NR and NF samples for detailed investigation of crystalline material
properties.
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first peak representing the Zn−O bond length appears at 1.47
and 1.50 Å for NR and NF, respectively. In addition to the
significant shift in the radial distance of Zn−O bonding, there
is also a noticeable enhancement in the intensity of the
reflecting wave from NF. A much more distinguishable shift
can be observed for Zn−Zn bond lengths for two different
nanostructures, where the measured lengths for NRs are 0.1 Å
shorter than those of NFs. It is indeed the shift in the outer
coordination shells that informs us more about the strain
changes in the ZnO epilayer and therefore provides more
knowledge based on the nanostructure variations. In other
words, the slight shifts observed for Zn−Zn bond lengths of
NR and NF structures approve the effect of changing
morphology on local structural and electronic arrangements.
The optical characterizations of NR samples have been done

via UV−vis analysis, and the obtained absorbance data is given
in Figure 3A. The dense NR film structure contributed to
intense absorption behavior, while non-homogeneous NF film
formation resulted in a scanty optical performance. Besides,
NR films designate a strong absorptivity in the UV region with
a severe decrease at wavelengths >400 nm. Optical character-
ization data has also been used for the evaluation of bandgap
(Eg) values through the Tauc plots given in Figure 3B by
intersecting the linear region of the plots on the x-axis. The
given plots have been evaluated by using transmittance data
and thin-film thicknesses, both specified in Figure S2. It has
been calculated that the bandgap of the NF, 3.11 eV, was
smaller than that of NR samples, 3.54 eV.
Photoluminescence (PL) of NR and NF structures possesses

individual significances due to the completely different
luminescence behaviors of the thin films (Figure 3C). The
excitation has been conducted via a 325 nm (3.81 eV) He:Cd
laser source that possessed sufficient energy for the electrons of
both ZnO nanostructures to be excited from the valence to the
conduction band. It is also noteworthy to say that, under the
mentioned laser excitation, NF and NR films have produced a
bluish and yellowish luminescence, respectively, as can be seen
in Figure S3. The PL spectra obtained from pristine NR thin

films exhibit two emission peaks located at 410 and 630 nm
wavelengths, respectively. The primary peak corresponds to
the near-band-edge emission (NBE) generated as a result of
the radiative recombination of excitons.49 The reason for the
NBE peak appearing at wavelengths >400 nm can be attributed
to the wide bandgap of synthesized ZnO NRs (Figure 3B).
Moreover, it has been previously reported that the dimensions
of NRs show a remarkable effect on their NBE peak positions
having a blue shift at decreasing diameters and a red shift at
increasing diameters.50 The second peak appearing in a broad
visible wavelength range reaches its maximum emission at 630
nm and contains a slight shoulder at approximately 580 nm.
The visible emission range is being attributed to as the region
of emission caused by defects (i.e., defect-based emissions,
DBE) present in the ZnO crystal structure.33,51,52

The comparably low intensity of the NBE concerning DBE
can be attributed to nanoscale dimensions (∼350 nm) of NR
samples resulting in an increased number of scatterings on the
surface. PL spectra of NF samples, per contra, have three
different PL emission peaks of approximate intensities
comprising almost the whole visible region. Compared to
NR, PL intensities of NF appear to be much higher, signifying
a different defect mechanism within the structure, which
requires a more detailed investigation. The appearance of the
NBE peak at ∼430 nm, which is slightly red-shifted compared
to other NBEs reported in the literature, can be attributed to a
smaller bandgap of NF structures.53 Additionally, the variation
in the concentration of native defects can also be responsible
for the shift in the NBE peak of ZnO NF. Several studies
reported on defect contents in ZnO have indicated that the
number of defects on the surface is higher than those existing
within the bulk volume.54,55 Hence, it can be concluded that
the varying surface-to-volume ratio of each nanostructure has a
certain effect on its surface defect density.
Therefore, a more specific inspection of PL emissions has

been conducted through the deconvolution of the obtained
spectra. The PL responses of both nanostructures have been
fitted into three corresponding Gaussian peaks named as O1,

Figure 3. (A) UV−vis spectra of NF and NR samples showing a comparably stronger absorptivity performance in NRs than NFs throughout the
analyzed spectrum. (B) Tauc plots for band gap evaluations calculated from transmittance data. (C) Photoluminescence spectra of samples with
two completely different luminescent behaviors generated due to the varying defect densities.
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O2, and O3, respectively (Figure 4A and B). Analyzing the
Gaussian fits, it can be concluded that O1 peaks in both NR
and NF structures appear in the NBE region that is a type of
non-defect-related emission. However, O2 and O3 peaks are all
individual representatives of defect associated emissions in
ZnO nanostructures residing within the visible and NIR
regions. The Gaussian bands deconvoluted from PL spectra of
NR samples reveal O2 and O3 peaks at 580 and 660 nm,
respectively, representing the orange and red emissive nature.56

Taking a closer look at the DBE wavelengths, it can be
specified that the shoulder appearing at 580 nm corresponds to
the orange emission region and has been reported to signify
the radiative recombination between the electrons and holes
that are trapped in the oxygen interstitials.57

According to a previous study conducted by Gheisi et al., it
has been suggested that the oxygen atoms being absorbed on
the ZnO surface induce band bending and push the
photogenerated holes toward the surface.58 By this mechanism,
the holes are being trapped on the surface via Oi and
contribute to a surface-based emission. The emission peak at
630 nm, on the other hand, is located in the red region of
defect-based emissions and has been reported to stand for zinc
interstitials (Zni) that originate from lattice disorders along the
c-axis of NRs. However, in order to approve our remarks, the
XPS spectra of NRs have also been investigated (Figure S4).
The obtained O 1s peak has been deconvoluted into three
fitting Gaussian peaks residing at low, medium, and high
binding energy levels, respectively.59 The oxygen in the Zn−O
lattice (O1), oxygen vacant regions (O2), and chemisorbed
oxygen (O3) resulted in these peaks.42 The O3 peak residing
at high binding energies is representing oxygen interstitials that
are formed as a result of oxygen chemisorption on the ZnO
surface. The intensity of the O3 peak is significantly lower
compared to the one representing oxygen vacancies within the
structure.
However, the O 1s spectrum can only classify the types of

oxygen-related defects. Still, it cannot distinguish zinc
interstitials from oxygen vacancies.60 Therefore, in order to

prove that the second PL emission in the red region is Zni
related, the XPS spectrum for Zn 2p has also been analyzed. As
a primary step, the binding energy difference between two
components of Zn 2p has been evaluated as 23.1 eV, which is
in good agreement with previously reported energy separation
values.61 Further, each peak has been deconvoluted into three
fitting Gaussian peaks with corresponding binding energies
given in Figure S4B. Both Gaussian peaks of Zn 2p3/2 and Zn
2p1/2 residing at lower energy levels signify metallic Zn present
within the nanostructure. The energy difference between
middle peaks corresponding to 23.2 eV affirms that the
corresponding peaks stand for lattice Zn due to the favorable
value of the spin−orbit splitting of divalent Zn atoms.
Analyzing the final peaks located at higher energy levels,
attention needs to be paid to the binding energy values that are
going to have a determinant character for the validation of the
presence of Zni.
According to the literature review, the energy values of our

samples (1023.5 and 1046 eV) obtained from Gaussian
deconvolution of Zn 2p are considerably high. This
denominates that Zn atoms are at the interstitial position
being surrounded by more than one oxygen.61 Thus, the
obtained XPS results are in accordance with the remarks made
on types of defects of ZnO NRs. Moreover, the EDAX data
obtained from NRs (Figure S1) shows the dominance of Zn
over O atoms in atomic weight percentage. These results
appear to be in good agreement with the deconvoluted
Gaussian peak ratios obtained from NRs, showing the superior
intensity of Zni over Oi representing peaks.
The deconvolution spectra of NFs show Gaussian peaks

with similar intensities. The stronger emission of the NBE peak
in the UV region can be attributed to a larger surface area of
NFs.54 The primary deconvoluted peak appears at 570 nm,
which is located within the yellow emission range that
represents Oi in the structure. The contradictive part of the
given NF PL spectra lies in the second deconvolution obtained
at 730 nm. This emission is within the near-infrared (NIR)
range, which has been studied by various research groups, but

Figure 4. PL deconvolutions of (A) ZnO NR and (B) ZnO NF samples into three Gaussian peaks each corresponding to a certain defect parameter
specified in (C) the scheme. TrPL spectra of (D) NR collected at 650 nm corresponding to the defect generated emission wavelength of sample
and of (E, F) NF obtained at two strong defect-based emissions.
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the eventual cause of luminescence has not been precisely
detected. The closest approach has been proposed by Wang et
al., where the formation of NIR emission has been correlated
with the presence of Oi states.62 It has been reported that NIR
emission is originated from the radiative recombination of
electrons trapped in shallow levels with deeply trapped holes at
oxygen interstitials.
Time-resolved photoluminescence (TrPL) has been con-

ducted to investigate the charge extraction and coupling
mechanisms of NR and NF structures and to correlate them
with the defect contents. Figure 4D−F shows the TrPL spectra
and their corresponding fits obtained at 344 nm picosecond
laser excitation for NR and NF, respectively. The obtained fits
disclose two lifetime components (τ1 and τ2) for NR, proving
the double-exponential decay behavior. Analyzing the individ-
ual TrPL for NRs collected at 650 nm DBE wavelength, the
initial PL rise has an instant response within 5 ns, reaching its
maximum luminescence value at 6.48 ns. The decay of the

corresponding nanostructures is fitted into two components of
4.52 and 53.33 ns duration. Given lifetime values represent a
significantly fast primary decay followed by a slow decay
showing a lingering charge recombination period. Considering
the deconvoluted PL spectra of NRs, a correlation can be
constituted between decay periods and defect states (Oi and
Zni). Han et al. have previously reported that the fast
recombination of minority charge carriers is mostly related to
localized excitons generating the NBE peak.63

However, the slow recombination component can be
attributed to deep level electrons that are formed via Zn and
O interstitials. TrPL analyses for NFs have been collected at
550 and 750 nm values, which correspond to the two primary
defect-based emissions obtained via PL analyses. The
maximum photoluminescence intensity has been reached
within ∼3.8 ns for both emission wavelengths, showing a
significantly faster reaction to the excitation laser source.
However, an individual comparison between two wavelengths

Figure 5. FDTD simulations of absorption behavior of (A) ZnO NR with cross and top view images and of (B) ZnO NF showing a reasonable
absorbance within their bandgap values. Individual comparison of numerical absorbance data obtained from simulation with experimental results
for (C) NR and (D) NF. TPS plots obtained under UV illumination in an ultrahigh vacuum followed by a gradual decrease under light obscureness
measuring the light responsivity of (E) ZnO NRs and (F) NFs.
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shows more rapid recombination of charge carriers collected at
550 nm in contrast to 750 nm, which possesses double-
exponential decay. It has been previously discussed that the
emission in the yellow region is originated due to the Oi.
In contrast, NIR emission is caused by radiative recombi-

nation taking place between shallow electrons and holes
generated by Oi. Therefore, the fact that the monoexponential
decay of NF at 550 nm and the primary decay component at
750 nm have approximately similar recombination lifetimes
may refer to the recombination of electrons with midgap
energy levels generated as a result of Oi. On the other hand,
the slower recombination parameter at 750 nm might be
caused by the indirect recombination of shallow electrons with
deep holes formed due to the presence of Oi as mentioned
above. The evaluated decay periods for NR and NF collected
at predetermined wavelength values according to the PL
emission spectrum have been specified in Table S2.
Finite-difference time-domain (FDTD) simulation has been

conducted as an additional computer-aided characterization
method, via Lumerical FDTD software, to investigate the
absorption mechanism of ZnO NR and NF samples. The
purpose was to establish and simulate the absorption behavior
of highly continuous NR and less dense NF films and to
correlate them with the obtained experimental results. The
refractive index used during the absorbance simulations of
ZnO nanostructures has been extracted from a previously
conducted study.64 The average length of 2.4 μm and the
average radii of 175 nm have been set as structural parameters
for NR design during the simulation. On the other hand, 240
nm average thickness, length varying within the 6−12 μm
range, and an average 14.2 μm length of the long diagonal have
been specified as necessary dimensional parameters for the
simulation of NF absorption behavior (Figure S5A). As can be
seen from the previously given SEM images (Figure 1), the
orientation of NFs throughout the substrate is not homoge-
neous. Therefore, during the simulation, the angle between
flake and surface has been varied in the z-axis within the 45 to
−45° range.
It is also important to note that, during the simulation of the

absorption behavior of NRs, the corresponding thicknesses of
ITO/ZnO coated glass substrate have been specified as 100
and 150 nm, respectively. However, NFs are grown on a laser-
ablated glass substrate, so there is no ITO/ZnO remaining
beneath. Therefore, during the absorption simulation of NFs,
the substrate has been selected as pure soda-lime glass.
Analyzing the obtained results under three different wave-
length values (350, 400, and 450 nm) given in Figure 5A and
B, it can be interpreted that the light striking in the UV region
does not propagate too much into the structure and is mainly
absorbed in the upper layer of both rod and flakes. Both
absorption maps represent the light penetration profile in the c-
axis, while additional inset figures given for NRs show the
absorption behavior at (0001) facets, as well. The increasing
wavelength, consequently decreasing energy, results in a
deeper propagation of light into the material. Although for
NRs the penetrating light inside a single rod is much more
distinguishable at 400 nm than at 350 nm, the difference is not
so obvious for NFs.
It can be even suggested that, for NFs, the absorption at the

surface has remained almost invariable at both 400 and 350 nm
wavelengths. These results are found to be in good agreement
with Eg values evaluated from Tauc plots (Figure 2) that show
a better absorption behavior of both NR and NFs at their band

gaps of 3.54 eV (350 nm) and 3.11 eV (399 nm), respectively.
Interpreting the absorption maps obtained at 450 nm (2.75
eV), it can be concluded that the applied light is out of the
absorbable wavelength range and therefore moves deeper into
the material without being absorbed. Figure 5C and D
represents the quantitative equivalents of the reported
absorption maps showing a strong absorption performance at
the UV region with a gradual decrease >400 nm. It is also
essential to point out the consistency existing between
experimental and theoretical absorbance values, proving the
proximity of the simulation environment to the actual
conditions. In addition to the performed numerical analyses,
the effect of NFs’ varying size on the eventual absorption
behavior of thin film has been investigated.
This step has been conducted in order to detect the NF

dimensions, which better approach the experimental absorb-
ance values. The long diagonal (d) of NFs has been selected as
the determinant size parameter. The length of d has been
altered for the examination of changes in the absorptivity of the
thin film. The given parameter has been varied between 12 and
16 μm, and the resulting absorbance spectra have been
specified in Figure S5B. It can be seen that the absorptivity of
NFs significantly increases throughout the analyzed wavelength
region. Despite the scanty distribution of ZnO NFs, the
enlarged dimensions of individual flakes increase the
probability of light incidence directly onto the material and
therefore have a stronger contribution to their light capturing
ability. However, comparing all of the UV−vis performances of
NFs simulated at different dimensions with the performance of
the actual thin film, it can be concluded that diagonal lengths
of 12 and 13 μm are too small, thus generating a lower
absorptivity. On the other hand, 16 μm turns out to exceed the
actual NF dimension, resulting in higher performances.
Therefore, it can be concluded that, at d = 14−15 μm, the
closest approach to the actual NF absorption performance has
been attained.
Transient photocurrent spectroscopy (TPS) has been

conducted to examine the photoresponsive characteristics of
ZnO thin films under high vacuum conditions at 254 nm UV
light. In order to remove atmospheric adsorbates, samples have
been illuminated under the same light source for 2 h at P ∼
10−6 mbar vacuum before the measurements. Özdoğan et al.
have previously reported that the presence of both physisorbed
and chemisorbed molecules on the surface has a significant
impact on the resulting time-dependent photocurrent measure-
ments.65 Therefore, it has been concluded that the presence of
an ultrahigh vacuum is not enough for the removal of
adsorbates, and only under the effect of a severe energy source,
such as UV light, a factual TPS response can be attained.
During the analysis, the UV light has been kept “ON” for 12 ks
and further switched “OFF” for 12 more ks in order to observe
the relaxation process. As can be seen from Figure 5E and F,
due to the generation of electron−hole pairs, NRs have
primarily shown a severe current increase under the applied
UV light, followed by a comparably slower advancement of
current due to the desorption of adsorbed molecules from the
surface.
A slow decay trend has been observed during the 12 ks

period for both nanostructures under the UV “OFF” condition.
When the UV light is turned off, the adsorbates, such as O2
and H2O with lower partial pressure in the middle of a 10−6

mbar vacuum range, tend to stick back onto the surface of ZnO
nanostructures and, hence, give rise to a slight decay in the
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measured current by capturing a portion of photogenerated
electrons. It was found that, even after a period of 12 ks, the
current of the sample could not reach its initial value measured
before the UV light illumination. Comparing the TPS
responses of NRs and NFs individually, a distinguishable
difference in the amount of generated current (∼12 μA) under
UV light can be observed. The reason behind this difference
can be correlated with the light-exposed surface area of the
samples.
Homogeneously oriented NRs effectively capture light-

generating higher current density rather than randomly
dispersed NF films. Besides, focusing on the individual
differences between the illuminated and dark current responses
of NRs and NFs, a stronger photoresponsivity has been
detected for NF structures. One of the studies conducted by
Sarkar et al. investigated the changes in TPS responses of ZnO

NRs with the increasing rod diameter.66 It has been observed
that thinner rods, having a higher surface-to-volume ratio,
result in better photoresponsivity bringing about faster
responses to illuminations. When the diameter of rods
increases from 25−50 to 150 nm, the photocurrent gain
dramatically drops. This drop has been attributed to the
densely packed structure of nanorods that inhibits the
photogenerated current relaxation.
In our study, the average diameter of nanorods has been

measured as ∼350 nm, thus resulting in a dense thin-film
formation that cuts down photoresponsivity. In contrast, NF
films are less densely packed, and therefore, the photocurrent
relaxation takes place much faster. However, the disordered
and dispersed film homogeneity limits the light absorption
capacity. Resistance measurements have been conducted for
both samples under “ambient air-in dark conditions” (C1) and

Figure 6. Investigation of NS laser scribed Ti/ZnO/ITO samples in a grid-like patterned manner via OM, SEM images and Comsol Multiphysics
simulationheat transfer module. (A and B) OM images obtained from 3.7 and 28.4 J·cm−2

fluence energy ablated, laser patterned bare samples
with their corresponding SEM images at various magnifications showing (A) pristine ZnO NR growth under low fluence energy application due to
controlled ablation of the upper Ti layer and (B) NR−NF combined multimorphological nanostructure growth obtained under high fluence energy
application. (C and D) Computational simulation plots of temperature distribution throughout the film thickness with respect to time under (C)
3.7 J·cm−2 and (D) 28.4 J·cm−2

fluence energy.
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“in vacuum-under illumination conditions” (C2), and obtained
data has been specified in Figure S6. The distinguishable
variation between C1 and C2 has been observed for both
samples, mainly caused by the presence of UV light possessing
necessary energy for the current generation. Individual
comparison between C1 and C2 parameters for NRs shows
a slight decrease in resistance as a result of UV illumination,
which can also be explained by poor light responsivity but
good conductivity of the samples. NF samples, on the other
hand, show a remarkable change after light exposure, which
agrees with their previously given light responsivities (Figure
5F). The resistance of NF, which is extremely high (MΩ) at
C1, decreases by 103 orders of magnitude under C2 conditions.
The reason behind these sharp responses toward illumination
can be correlated with the light-exposed surface-to-volume
ratio of the samples.
Following the detailed material characterizations of pristine

NR and NF films, our study has evolved to a brand-new phase
where the selective growth of either one or both structures has
been maintained via nanosecond fiber laser ablation. ITO/
ZnO/Ti deposited glass substrates have been subjected to two
different laser beam energies. The fluence energy of the applied
laser beam is calculated by the ratio of pulse energy divided by
the area of the spot size. Equations that are used for energy
calculations are specified in the Supporting Information in
detail. Power, frequency, and scan rate are variables used in
these equations. In our study, the selection criteria for the
applied fluence energy are based on either selectively etching
the upper Ti layer (∼120 nm) without damaging ITO/ZnO

beneath or completely ablating the whole film until the glass.
Figure 6A gives the optical microscope (OM) images of the
laser ablation process conducted under 7 W, 4500 mm·s−1, and
150 kHz applied system parameters (3.7 J·cm−2) where
selective scribing of the upper Ti layer has been successfully
fulfilled in continuous 0.1 × 0.1 and 0.5 × 0.5 cm2 square
patterns. OM and SEM images for 0.1 × 0.1 cm2 ablation
patterns are specified in Figure S7.
EDAX data obtained precisely from the ablated laser spot

also confirmed the selective ablation of the Ti layer. SEM
images show the post-CBD outcome of the given substrate,
where selective NR growth in a grid-like manner has been
obtained. The scanty rod-like growth observed in the
nonablated regions is due to the 150 ns pulse duration of
the laser system, which is a relatively long ablation period for
metal thin films that have a heat transfer period of a few
femtoseconds. The second sample set has been prepared via
scribing the deposited thin films under 25 W, 5500 mm·s−1,
and 70 kHz system parameters, which correspond to the final
fluence energy of 28.4 J·cm−2. The applied fluence energy is
enormously high for any selective ablation and, therefore,
completely removes the multilayered thin film from the surface
along with the continuous 0.5 × 0.5 cm2 square pattern. Figure
6B gives the OM and SEM images obtained as a result of high
fluence energy ablation. The EDAX analysis received exactly
from the laser spots proves the complete absence of any traces
of either Zn or Ti atoms. The presence of Si, Mg, Na, C, and O
elements testifies that the ablation energy has extended deep
into the glass. SEM images have exhibited a different

Figure 7. (A) PL spectra of pristine, 0.1 × 0.1 cm2, and 0.5 × 0.5 cm2 patterned NR samples showing a severe increase in intensities as a result of
selective growth. (B) PL spectra of pristine, 0.1 × 0.1 cm2, and 0.5 × 0.5 cm2 patterned NF samples exhibiting a variation in PL behavior as a result
of simultaneous NF/NR growth. UV−vis responses obtained from (C) NRs and (D) NFs prior to and after patterning.
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nanostructure growth inside the same CBD solution. Here,
NFs are grown in the center of the laser scribed spot region,
while scanty NR growth in the perimeters of the spot can be
observed due to the remaining molten ZnO.
The investigation of the interaction between the laser beam

and thin film has been studied in detail via computational
simulation by using COMSOL Multiphysics Heat Transfer
module (License No.: 17077178). Computations have been
conducted by using eqs S3−S5 (parameters are elaborated in
Table S3) to quantify the temperature distribution throughout
the successive thin-film layers. A detailed explanation of
computational simulation analyses has been given elsewhere.67

As mentioned above, the fluence energy variation has been
maintained through changing the power, frequency, and scan
rate of the laser beam. Parts C and D of Figure 6 represent the
gradual temperature rise on substrates concerning thin-film
thicknesses within a 95 ns pulse duration period for 3.7 and
28.4 J·cm−2

fluence energies, respectively. The spot radius of
the incident laser beam has been designated as 20 μm, and the
material absorption coefficient and reflectivity values have been
calculated according to eqs S6 and S7 specified in the
Supporting Information.
The insets given in Figures 6C,D are the cross-sectional

representatives of temperature distribution throughout the
thin-film deposited substrates under 1064 nm laser pulse. A
highly significant difference can be observed between two
fluence energies, where the highest temperature reached for
28.4 J·cm−2 exceeds that of 3.7 J·cm−2 by almost 7-fold. This
result is a confirmative outcome explaining the reason for
variation between two ablation parameters, where 3.7 J·cm−2

penetrates until ZnO but does not damage it and 28.4 J·cm−2 is
strong enough to pierce until the glass substrate. Studies based
on laser-ablated thin-film scribing reported in the literature so
far support our modeling outcomes by reaching highly elevated
temperatures under various fluence energy values.68−70

The variations in material properties of patterned samples
have been investigated via PL and UV−vis spectroscopic
analyses and specified in Figure 7. Analyzing the PL spectra
obtained from pristine, 0.1 × 0.1 cm2, and 0.5 × 0.5 cm2

patterned NR samples (Figure 7A), a substantial difference can
be observed from the luminescence intensities. Pristine NR
film possesses a significantly low PL intensity, which sharply
increases after patterning. This phenomenon can be attributed
to the increased surface area of the samples contributing to
higher responses. A distinguishable difference between two
different pattern dimensions can also be observed. Simulta-
neous examination of PL data with the SEM images can be
helpful for the proper interpretation of this difference.
Although a significant laser-ablated alley for rod growth can
be observed from SEM images of 0.1 × 0.1 cm2 patterned
samples, the distance between spot features is too small. Since
the heat transfer during the ns laser period is high enough for
nanoscale metal thin films, a possible thinning might occur
between the laser scribed features. Therefore, at the CBD step,
this thinned metal film does not play as a successful ZnO
growth inhibitor as it is supposed to be. Hence, a partially
homogeneous NR growth can be observed throughout the
substrate.
The situation differs for 0.5 × 0.5 cm2 substrates where the

distance between laser-ablated features is more significant, and
therefore, more selective growth and stronger PL intensity
have been obtained (Figure 6A). Figure 7B shows the PL
spectra obtained from the pristine and ablated samples with

the fluence energy of 28.4 J·cm−2. In the given data,
nonpatterned and 0.1 × 0.1 cm2 samples show a similar
luminescence behavior. This situation can also be explained via
concurrently examining SEM images with the obtained PL
spectra. As can be seen from the OM and SEM images of 0.1 ×
0.1 cm2 samples, the distances between spots are too close.
The reason behind this is the applied excess fluence energy

on a substrate that results in expanse spots which have
diameters ≥40 μm. Thus, in close patterning distance, laser-
ablated features come into contact, leaving an impression of a
hatched substrate. However, in the case of the 0.1 × 0.1 cm2

ablation, there is still a trace amount of ZnO seed layer
remaining on the surface, which can lead to a scanty growth of
NRs throughout the substrate. Therefore, the resulting PL
response reveals double NBE peaks, which are the contribution
of both NR and NF films. In the case of a 0.5 × 0.5 cm2

ablation pattern, the luminescence behavior of thin films
completely changes. The obtained spectrum is the result of the
equal contributions of PL responses from both rod and flake.
This outcome proves that both morphologies possessing
different luminescent abilities have been combined on the
same substrate and that the simultaneous growth of two
distinct morphologies within the same CBD solution has a
remarkable contribution to the PL responses.
Moreover, from the combined NBE emission, it can be seen

that each nanostructure preserves its individuality by
generating a double-headed peak representing NR and NF
from low to high wavelengths, respectively. In other words,
NRs and NFs generate their characteristic NBEs with slightly
blue and red inclinations. UV−vis spectra have been taken as a
fortiori analysis to prove that changes in PL responses are
mostly related to the changing absorption behavior of thin
films. In Figure 7C and D, the absorbance of pristine samples
started with a stronger absorption in UV, followed by a gradual
decrease while approaching the visible region. As a result of
patterning, the distances between morphology grown pathways
enlarge eventuating in higher light-exposed surface area and
thus stronger absorption. For NRs, the absorption behavior
within the UV region does not substantially change, while an
increased absorbance is observed within the visible wavelength
range. On the other hand, NF samples show a slight drop in
the UV region, followed by a stronger absorbance between 400
and 700 nm.
Due to the proven excellent quantum yield and high

stability, Cs−Pb−Br composite materials, as one of the most
outstanding IHP material in LED applications, have been used
to sensitize the patterned ZnO thin films. In this way, the
broad luminescence range of composite rod/flake structures
has been aimed to be further improved via incorporation of all-
inorganic lead halide perovskites into the structure. NF/NR
grid samples have been deposited with perovskite material via
the spin-coating method under two different conditions, where
the synthesis has been initiated by altering the spin number of
PbBr2:CsBr precursor solutions from (I) 1:1 to (II) 1:5 ratios.
The conversion into Cs rich form has been attained via
postannealing step at 280 °C in ambient air.
Prepared samples have been further characterized and

examined via fluorescence microscopy (FM), SEM, PL, UV−
vis, and XRD methods. The primary FM analysis has been
conducted under UV, blue, and green excitations for both
pristine and perovskite deposited patterned samples, respec-
tively. FM images obtained from bare ZnO grid samples before
perovskite deposition are specified in Figure S8 for
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comparison. In their bare forms, grid samples have a strong
blue emission generated as a result of UV excitation (365 nm),
which lies directly within their bandgap. On the other hand,
perovskite deposited patterned samples have been investigated
under blue excitation corresponding to λ = 470 nm, and green-
emitting fluorescence images have been obtained (Figure 8A
and B). The attained emission range is in agreement with the
bandgap of Cs4PbBr6, showing no emission response under
either UV or red excitation wavelengths.
It can be observed that the green emission of the 1:1 sample

comes mostly from the laser-ablated pathway by analyzing the
FM images of perovskite deposited samples individually. On
the contrary, the luminescence of 1:5 perovskite deposited
sample arises from the center of the square patterns. This
fundamental difference is assumed to be originated from the
variation in the crystalline sizes of different perovskite
precursor ratios that are investigated below in detail. The
additional plots attached to fluorescence images are the
numerical expressions for the emission intensities obtained
from certain regions of samples. Taking a closer look at the
fluorescence plots, it can be observed that the intensity of

green emission numerically decreases while approaching the
darker regions.
For a more detailed investigation, the SEM images are

incorporated into Figure 8A and B, showing the perovskite
deposited patterned ZnO samples. Zoomed images represent
the borders of patterned squares where the population of NRs
increases due to the remaining molten ZnO. The bulky pile
observed in the zoomed images represents the perovskite
formation surrounding NR structures. It can be observed that
more distinguishable grain boundaries are noticed for a 1:5
ratio by comparing both precursor ratios. Figure 8C shows the
SEM image of the abbreviated name of the university (TOBB
ETU) patterned on ITO/ZnO/Ti coated glass substrate where
the selective scribing of the upper Ti layer resulted in the
growth of NRs throughout the engraved writing. In a similar
manner, the pattern of the university logo has also been scribed
and consecutively deposited with NR and 1:5 ratio perovskite
layers. The FM image obtained from the prepared logo sample
given in Figure 8D shows the green luminescence obtained as a
result of blue excitation. The contrast between perovskite
accumulated and nonaccumulated regions can be easily
noticed from the luminosities coming from and out of the

Figure 8. (A) Combined figure representing FM emission of 1:1 perovskite deposited ZnO grid samples with the corresponding intensity
distribution along the marked region and SEM image obtained from the same sample with zooming toward the border region of the laser pattern
showing the perovskite deposited rods. (B) Combined figure representing FM emission of 1:5 perovskite deposited ZnO grid samples with the
corresponding intensity distribution along the marked region and SEM image obtained from the same sample with zooming toward the border
region of the laser pattern where grain boundaries of crystal domains can be easily distinguished. (C) SEM image of the abbreviation of university
name, with the ZnO nanorod deposited via CBD after laser patterning. (D) FM image of the perovskite deposited logo after laser patterning and
ZnO nanorod deposition. OM image of the perovskite deposited logo after laser patterning and ZnO nanorod deposition with (E) yellow filter and
(F) red filter.
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pattern, respectively. Besides, parts E and F of Figure 8 present
the OM images obtained from the same sample under yellow
and red filters, respectively. In principle, although both
perovskites are synthesized from the same precursor solutions,
the variation in ratios results in the formation of two different
crystal structures.
A detailed investigation of the XRD spectra has been carried

out on the given samples in order to determine their crystalline
structures, which are directly correlated with the optical
characteristics of the perovskite materials (Figure 9A and B).
The XRD pattern of the (1:1) CsBr−PbBr2 thin film shows
that the perovskite layer bears two different phases which are
(I) orthorhombic CsPbBr3 and (II) rhombohedral Cs4PbBr6.

71

As previously reported, CsPbBr3 has been observed to be
converted into Cs4PbBr6 in the presence of excess Cs+.72,73

Thus, the spin-coating of as-prepared PbBr2/CsBr precursors
as 1:5 resulted in pure orthorhombic Cs4PbBr6 crystal phase
formation. No characteristic diffraction peaks of CsPbBr3 have
been observed for the given thin films, which is possibly due to
the small crystal size, low content, and good dispersion of
CsPbBr3 in the Cs4PbBr6 matrix.74,75

Moreover, a severe intensity variation can be observed for
blend and pure Cs4PbBr6 crystal structures, which informs us
about the crystal sizes of the obtained perovskites. Therefore,
calculations have been performed for the determination of
crystalline dimensions of Cs4PbBr6 structures showing that

crystal sizes obtained from 1:5 samples are 4 times larger
compared to those of 1:1. This can be proposed as a rationale
behind the reason for 1:5 crystalline features being
accumulated in the midsquares rather than laser-ablated
pathways (Figure 8A and B). Optical properties and
luminescence abilities of perovskite deposited grid thin films
have been explored via UV−vis absorption and PL emission
spectra, which are given in Figure 9C and D.
Obtained spectra reveal two significant excitonic absorption

peaks located at 382 and 517 nm corresponding to the band
edge positions of ZnO and Cs−Pb−Br perovskite layers,
respectively. It has also been observed that the Cs4PbBr6
deposited ZnO thin film demonstrates superior absorption
performance in the visible region compared to their pristine
forms (Figure S9). The obtained enhancement at wavelengths
>400 nm specifically points to the changing perovskite content,
which has a stronger absorptivity throughout the visible region.
The enhancement in absorption and luminescence properties
of the ZnO nanostructured thin film supports the previously
reported study based on CsPbBr3 with ZnO NR systems.76

Analyzing the PL spectra of the patterned thin films having
pure Cs4PbBr6 and CsPbBr3−Cs4PbBr6 nanocomposite in
Figure 9D, severe perovskite-originated emissions are found to
almost hinder the luminescence of individual ZnO. Defect-
based ZnO emissions are totally diminished for Cs4PbBr6
nanocomposite sensitized and patterned ZnO thin film

Figure 9. XRD spectra obtained from (A) 1:1 and (B) 1:5 spin number perovskite deposited ZnO with corresponding peak labels. (C) UV−vis
spectrum of perovskite deposited ZnO grid samples with two significant excitonic absorption peaks each corresponding to the individual
components of the thin film. (D) PL responses of perovskite deposited grid samples showing a suppressed defect-based ZnO emission due to the
presence of severely luminescent perovskite. (E) TrPL plots of pristine and 1:1 perovskite deposited ZnO grid samples compared at 420 nm
emission wavelength. (F) TrPL plots of 1:1 and 1:5 perovskite deposited grids with their individual comparison at characteristic 570 nm emission
wavelength.
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obtained from 1:5 perovskite deposition. On the other hand,
there is still a slightly noticeable peak from CsPbBr3−Cs4PbBr6
sensitized patterned ZnO thin film at ∼420 nm signifying the
characteristic ZnO-originated NBEs in 1:1 perovskite
deposited sample. In addition, CsPbBr3−Cs4PbBr6 nano-
composite sensitization via 1:1 perovskite deposition resulted
in a broader peak, while the overall peak intensity of Cs4PbBr6
on patterned ZnO was noticeably higher.77,78 The broadening
in the dominant peak at 550 nm after 1:1 perovskite deposition
might be the result of the wide-ranged PL luminescence of the
ZnO nanostructure under perovskite material. This peak
sharpens and gets stronger when the perovskite material
transforms to Cs4PbBr6 nanocomposite, surprising the
luminescence of the ZnO nanostructure.
It is important to note that each PL data set is compared

with its counterparts obtained at the same slit number (0.01
nm). TrPL analysis has been conducted on the given samples
in order to elucidate the changes in minority charge carrier
lifetimes as a result of perovskite deposition. Pairwise
comparison has been performed between pristine and 1:1
perovskite deposited ZnO grid samples for emissions obtained
at 420 nm in Figure 9E. Both data have been fitted with a
biexponential function with two decay times (τ1 and τ2) from
which an average charge carrier lifetime has been calculated
and specified in the figure inset.
Both pristine and 1:1 perovskite deposited ZnO grid films

possess a fast primary decay component, which is 2.24 and
2.12 ns, respectively. As previously mentioned above, studies
report the fast decay to be originated by radiative
recombination in NBE of ZnO. On the other hand, second
decay components, being 15.90 ns for pristine and 22.49 ns for
1:1 perovskite deposited ZnO samples, are assumed to
represent the defect-related emissions generated at grain
boundaries. The study reported by Li et al. has investigated
the changes in charge carrier lifetimes of perovskites after ZnO
incorporation.79 It has been mentioned in the given study that
the small grain sizes (i.e., large numbers of grain boundaries)
result in an enhancement in defect-based recombination due to
the increased trap densities. Considering that emission at 420
nm is the characteristic ZnO generated luminescence, the
given lifetime increase can be directly attributed to the
changing ZnO properties as a result of perovskite deposition.
The deposition of the perovskite layer on ZnO thin films

required several heating steps as a result of which considerable
differences are expected to occur in crystalline sizes. Therefore,
by using Scherrer’s equation, the crystal size evaluation on
characteristic ZnO peak at 34.2° (2θ) diffraction angle has
been conducted. The outcome of the following calculation,
which is specified in Figure S10 and eq S8 of the Supporting
Information in detail, shows a considerable diminution (by ∼3-
fold) in the crystal size of ZnO as a result of perovskite
deposited postannealing. Thus, the increase in trap assisted
decay component can be considered to be originated by
reduced ZnO crystal sizes. This can also be approved via
comparing PL intensities of pristine and 1:1 perovskite
deposited ZnO samples under the same slit number and at
420 nm where an enhancement of approximately 8-fold can be
observed (Figure S11).
Also, the lifetime performances of 1:1 and 1:5 perovskite

deposited ZnO thin films have been compared by contrasting
their characteristic emissions at 570 nm (Figure 9F). Similar to
the PL spectra, the obtained lifetime periods are pretty close to
each other, generating almost similar fast primary decay

components (τ1(1:1 perovskite) = 2.4 ns; τ1(1:5 perovskite) =
2.03 ns). However, a slower decay can be observed for both
samples generated by nonradiative defect induced recombina-
tion where 1:1 perovskite samples predominate the decay
lifetime of 1:5 by 3 ns (τ2(1:1 perovskite) = 13.22 ns; τ2(1:5
perovskite) = 10.21 ns). This small but significant difference is
considered to be generated due to suppression of ZnO
emission abilities under the denser perovskite layer of the 1:5
sample, which can also be confirmed through the PL spectra
inset (Figure 9D).

■ CONCLUSIONS
In conclusion, the simultaneous growth of two different ZnO
nanostructures has been attained in the same CBD solution by
selectively altering substrate properties via NS fiber laser. The
laser ablation has been performed in a controlled manner at
predetermined fluence energies of 3.7 and 28.4 J·cm−2. The
ablation parameters have been simulated via COMSOL
Multiphysics to evaluate the approximate substrate temper-
atures under incident laser beam theoretically. Under low and
high fluence energies, the substrate temperatures have been
calculated to reach ∼2200 and ∼14000 K, respectively,
explaining the penetration depth of each laser spot. The low
fluence energy provided the selective scribing of the upper Ti
layer, while, under high power throughputs, all of the
consecutively deposited thin-film layers have been hatched
from the surface. Combining these two scribing features on
one substrate, the selective and patterned growth of ZnO NR
and NF has been concurrently achieved. Consequently, the
luminescence characteristics of both nanostructures have been
combined in one substrate extending the emission range
throughout the visible region and enhancing the composite PL
intensities by approximately 7-fold. Besides, the charge carrier
lifetimes have been increased by 7 ns, having an ultimate
impact on PL performance. The final PL performance leap has
been achieved with IHP sensitization of multimorphological
ZnO thin films by reaching the highest carrier lifetime of 12.31
ns and enhancing the PL intensity by 4.7-fold. The remarkable
performances obtained from the combination of easily
synthesized, multimorphological ZnO, and composite-perov-
skite systems will shed light on the future applicability of these
materials in optoelectronic systems and light-emitting devices.
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