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with tunable photoluminescence and optical band
gap†

Yalambaku Rajesh,a Santanu Kumar Padhi b and M. Ghanashyam Krishna *ac

The growth and optical behavior of ZnO thin film-nanowire array homo-structures is reported. The ZnO

films are deposited on glass substrates by thermal evaporation and subjected to heat treatment at 400 �C
for 2 h to achieve crystallinity and stoichiometry. The surface comprises spherical grains or elongated

flakes depending on thickness of films. These films are introduced in to a hydrothermal reactor in

a medium of zinc acetate and HMTA to realize the nanostructures. The process results in the

formation of ZnO nanowires with dimensions that are strongly dependent on the surface

microstructure of the ZnO films. The role of temperature (90–180 �C) and duration (10 min to 10 h) of

hydrothermal processing is investigated in detail. It is demonstrated that low temperature and short

duration are ideal for producing nanowires with diameter < 100 nm, while longer durations and higher

temperatures lead to large diameter and long length nanowires. Interestingly, all wires converge to

a hexagonal shape with increase in duration or temperature. The lowest diameter of the vertically

aligned nanowires is 50 nm and length upto 10 mm is achieved. Optical band gap of the homo-

structures is of the order of 3.4–3.5 eV. Raman and photoluminescence spectra indicate the presence

of defects in the films. The thin films exhibit a strong defect related photoluminescence peak centred

around 550 nm. The nanowires grown on the films display both the UV-near band edge peak as well

as the defect related peak. However, the intensity of the defect peak decreases with increase in length

of the nanowires indicating that the photoluminescence of the homo-structures can be tuned by

changing the surface microstructure of the films and also the aspect ratio of the nanowires.
1. Introduction

Zinc oxide (ZnO) is a wide band-gap (3.37 eV) II–VI semi-
conductor that has attracted interest as an electronic material
for numerous applications such as solar cells, piezoelectric
devices, transparent conducting electrodes, chemical sensors,
catalysis, light emitting diodes, actuation and optoelectronic
devices. In recent years, many methods have been used to
synthesize ZnO material as one-dimensional (1D) nano-
structures with different morphologies including nanowires,
nanorods, nanoneedles, nanorings, quantum dots and other
superstructures.1–9

There has been interest in the fabrication of ZnO based
homo-junctions for photoluminescence and light emitting
, Hyderabad-500046, Telangana, India.

ty of Hyderabad, Hyderabad-500046,

cience and Technology, School of Physics,

6, Telangana, India

tion (ESI) available. See DOI:

f Chemistry 2020
diode applications.10–16 Sun et al.10 reported good light emission
properties in a homo-structure comprising p-ZnO lm/n-ZnO
nanowire with turn-on voltage around 8 V. In this case the
ZnO lm was grown by spray pyrolysis while the nanowires were
hydrothermally processed. Su et al.11 demonstrated that homo-
junctions of Sb doped ZnO nanowires grown by CVD technique
on single crystal Ga doped ZnO substrates have a low turn on
voltage and sharp near band edge emission. Kampylaa et al.12

demonstrated fabrication of p and n-type ZnO thin lm based
homo-junctions with turn-on voltage of the order of 1.5 V and
transmittance of 75–85%. The ZnO thin lms are prepared by
RF sputter deposition. Baek et al.13 demonstrated Sb doped ZnO
nanorod array-based homo-junctions for LED applications with
a turn on voltage of 3.7 V and near band edge emission
accompanied by a peak centred around 730 nm. In this work,
the ZnO nanorods are grown by hydrothermal synthesis while
the thin lms are deposited by RF sputtering. Geng et al. have
grown ZnO nanowires by hydrothermal synthesis on e-beam
evaporated Ag and ZnO lms and demonstrated tunability of
photoluminescence.14 These few examples indicate that such
structures possess several advantages over more conventional
heterostructures due to the ease of fabrication, fewer number of
steps and control over growth patterns. As a consequence, they
RSC Adv., 2020, 10, 25721–25729 | 25721
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continue to generate interest for applications. The use of
vacuum thermal evaporation, which is more cost effective and
simpler than other physical vapour deposition processes, as
a technique to prepare the ZnO lms supporting the nanowire
arrays has not been investigated. Another aspect that requires
investigation is the effect of varying thickness and, hence, the
surface of the ZnO thin lms supporting the nanowire arrays on
the properties of the homo-structures.

The objective of the present work is, therefore, the devel-
opment of ZnO thin lm-nanowire homo-junctions wherein
the thin lms (of thickness 100–400 nm) are deposited by
thermal evaporation at room temperature (RT) followed by
heat-treatment at 400 �C. The ZnO nanowire arrays are grown
on these lms by hydrothermal processing. Hydrothermal
method has several advantages such as low process tempera-
ture, use of simple instrumentation, catalyst-free growth, low-
cost, ease of large-scale production, eco-friendly and less
hazardous.17–19 Therefore, the effect of thickness of lms,
temperature (90–180 �C) and duration of hydrothermal
synthesis (processing) (10 min to 10 h) on the structure,
microstructural evolution and optical behaviour is investi-
gated. The novelty of the current approach lies in exploiting
the advantage of such structures, by manipulating the
dimensions of the nanowires as well as the microstructure of
the thin lms on which they are synthesized, to control pho-
toluminescence emission wavelengths and intensities as well
as the optical band gap.
Fig. 1 Scanning electron microscope images of ZnO thin films of (a)
100 nm, (b) 150 nm, (c) 200, and (d) 400 nm thickness respectively.
2. Experimental

ZnO thin lms of thickness 100–400 nm are deposited by
thermal evaporation on glass substrates from a ZnO source. The
substrates are rst ultrasonically cleaned sequentially in
solvents like acetone (99.8%), isopropanol (99.8%), and deion-
ized water baths for about 10 min. Then, the substrates are
dried with nitrogen gas aer being kept at 100 �C for 5 min
before the thin lm deposition. A custom-built vacuum
chamber equipped with diffusion and rotary pump are
employed for the thermal evaporation. The base pressure is of
the order of 10�6 mbar during evaporation, while the source to
substrate separation and duration of ZnO evaporation are
varied and four different thickness ZnO lms are achieved. All
the lms are deposited at RT and subjected to post-deposition
heat-treatment in air at 400 �C for 2 h.

These ZnO thin lm deposited substrates are then intro-
duced into a hydrothermal reactor for growing different ZnO
nanostructures. In a typical process run, these lms are placed
in a 100 mL teon-liner stainless steel autoclave containing
aqueous solution of 25 mM each of zinc acetate dehydrate
[Zn(O2CCH3)2(H2O)2, 99.0% ZnAcD] and 25 mM hexamethy-
lenetetramine (HMTA) [(CH2)6N4, 99.0%]. Experiments are also
carried out at 15 mM (ZnAcD, precursor decient) and 35 mM
(ZnAcD, precursor rich) concentrations, maintaining the HMTA
concentration at 25 mM. All chemicals are purchased from
Sigma-Aldrich (Steinheim, Germany) and used without further
purication. The duration of hydrothermal processing of
25722 | RSC Adv., 2020, 10, 25721–25729
ZnO(HP) is varied between 10 min to 10 h and temperatures are
varied from 90 to 180 �C.

The thin lm thickness is measured using a surface prol-
ometer (model XP-1 Ambios Tech., USA). The surface micro-
structure investigation is carried out in a eld emission
scanning electron microscope (FE-SEM, Model Ultra55 of Carl
Zeiss). The ZnO phase formation is conrmed by X-ray diffrac-
tion (XRD) patterns recorded in a powder X-ray diffractometer
(Discover D8 diffractometer of Bruker, Germany) with Cu-Ka

radiation (wavelength ¼ 0.15408 nm). The Raman spectra are
recorded in air using an Nd-YAG 532 nm laser in the back-
scattering geometry in a CRM spectrometer equipped with
a confocal microscope and 100� objective (model alpha 300 of
WiTec Germany). The phase content within the samples are
investigated in a spectral region of 200–1500 cm�1. Optical
transmission spectra in the wavelength range of 200–2400 nm
are measured by means of a dual-beam spectrophotometer (UV-
vis-NIR, model, Jasco V-670) having a resolution limit of
�0.2 nm and a sampling interval of 2 nm. Fluorescence emis-
sion spectra are recorded on a Horiba Jobin Yvon model FL3-22
Fluorolog spectrouorimeter.
3. Results and discussion
3.1 Microstructure and structure investigation of ZnO thin
lms

The surface microstructure of ZnO thin lms of approximate
thickness 100 nm, 150 nm, 200 nm and 400 nm is displayed in
Fig. 1(a–d). The microstructure of the 100 nm thickness
(Fig. 1(a)) ZnO lm consists of densely packed spherical parti-
cles of diameter 30–50 nm.

The edges of the spherical particles are sharpened to give
various non-spherical shapes, when thickness is increased to
150 nm (Fig. 1(b)). Few of the particles are elongated in one
direction giving rectangular shapes. The elongation of these
particles extended out of surface of the plane resulting in three
This journal is © The Royal Society of Chemistry 2020
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dimensional (3D) microstructures. Due to this 3D arrangement,
micron sized voids are developed at the interfaces. These
particles transform into large spherical particles of 200 nm size,
with increase in thickness of the lms to 200 nm (Fig. 1(c)). This
is accompanied by decrease in packing density of the particles
as evidenced by the voids between them. The 400 nm thickness
lm has a completely different microstructure. The surface
comprises of twisted akes of length 30–50 nm and width of
400–500 nm that are vertically oriented. Thus, the ZnO lm
thickness increase has brought a profound change on the
surface microstructural development and also the packing
density of the evolved microstructures. The contribution of
surface roughness to the evolution of the nanowires cannot be
neglected.14 It would thus appear that variation in thickness
causes changes in surface microstructure and roughness of the
ZnO lms. Apart from this, smaller grain size may lead to
nanowires with smaller dimensions.14,20

The phase formation and crystallographic information of the
thin lms investigated using XRD are presented in Fig. 2(a–d).
All diffraction peaks are indexed to ZnO with a hexagonal
wurtzite crystal structure using JCPDS le no: 80-0074. This
observation suggests that the changes in the thickness of ZnO
thin lms has modied the microstructure, but remain struc-
turally phase pure. No un-reacted metallic Zn is observed. The
prominent diffraction peaks at 2q¼ 31.64, 34.12, 36.2 and 56.6�

are indexed to (100), (002), (101) and (110) planes of hexagonal
wurtzite phase of ZnO respectively.

The very diffuse nature of peaks for the 100 nm samples can
be attributed to the nanocrystalline nature of the lms. There is
a slight decrease in the relative intensities of the different ZnO
peaks indicating change in the preferred orientation of the ZnO
lm. In the case of the 200 nm lm, there is a relative drop in
the intensity of (101) peak while, for the 400 nm lm, there is
increase in the peak intensity of (110) plane. It is signicant that
there are no peaks related to metallic Zn indicating that the
Fig. 2 X-ray diffraction patterns of ZnO thin films of (a) 100 nm, (b)
150 nm, (c) 200 and (d) 400 nm thickness respectively.

This journal is © The Royal Society of Chemistry 2020
lms are stoichiometric ZnO (within the detection limits of
XRD). It is known that crystallization of ZnO thin lms prepared
by thermal evaporation either from a Zn or ZnO source requires
post-deposition heat treatment.21 The lms in the present case
are also nanocrystalline with crystallite size of 20–25 nm as
estimated from Scherrer's formula. In addition, there is a shi
in the peak positions to higher 2q values with increase in
thickness indicating a change in the residual stresses within the
ZnO lms at different thickness. These residual stresses are
likely to originate from a mismatch in the thermal expansion
coefficient of ZnO and glass substrate. Liu et al.22 attributed this
deviation to surface effects which cause lattice deformations
and reduction in the lattice parameter. This could also be the
reason for the observed variations in microstructures as
a function of thickness.

It is evident that the 100 nm ZnO lm, thus, has compara-
tively smooth surface, densely packed spherical nanostructures
and nanocrystalline nature. Based on these observations and
literature mentioned above, it was inferred that the 100 nm ZnO
lm would be optimal in providing the nucleating sites for
developing vertically aligned ZnO isostructural nano-1D
entities.

3.2 Effect of precursor concentration on microstructural
evolution of ZnO homo-structures

The rst set of experiments carried out is to investigate the role
of zinc acetate (ZnAcD) precursor in 15, 25 and 35 mM
concentration, hydrothermally maintained at 120 �C for 3 h. It is
observed that the microstructure consists of nanorods with
different density of packing in each case (Fig. 3(a–c)). In the
15 mM case the lower density of rods are hexagonally shaped
with tapered end (as shown in Fig. 3(a) in blue colour schematic
drawn), having lateral dimension of 800–1000 nm and axial
length upto 10 microns. The diameter of the rods decreases to
Fig. 3 Scanning electron microscope images of the hydrothermally
processed ZnO on thin film of 100 nm thickness showing the effect of
ZnAcD precursor in (a) 15, (b) 25 and (c) 35 mM concentration; (d)
shows the movement of nanowires under the SEM electron beam. The
tapering of the rods is schematically shown in (a) by highlighting one of
them in blue colour.

RSC Adv., 2020, 10, 25721–25729 | 25723
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50–100 nm and lengths to 2 microns, when 25 mM of ZnAcD is
used. This is accompanied by a signicant increase in the
packing density of the rods, which favours increased aspect
ratio (AR) and observed exibility.

(Like cantilever, nanowires are observed to move back and
forth under FE-SEM beam, see Fig. 3(d), which can be ascribed
to the formation of nanowires). When the concentration of
(ZnAcD) is further increased to 35 mM, there is again decrease
in density of the rods followed by decrease in AR to 7. Thus, it
appears that an optimal concentration of 25 mM of both ZnAcD
and HMTA is required to realize nanowires that are densely
packed. Experiments are also carried out by replacing by
replacing HMTA with NaOH and NH3 solution at the optimal
concentration of 25 mM and 120 �C for 3 h. Surprisingly, there
is no growth of vertically oriented ZnO structures in these two
cases. However, in these cases vertically aligned nanowires are
not obtained, as observed from ESI Fig. S1(a) and (b).† Although
NaOH and NH3 have been successfully used earlier to synthe-
size vertically aligned nanowires,17 in the present study they are
not observed. The difference can be attributed to differences in
chemical conditions such as pH, concentrations, temperature
and time of synthesis all of which play an important role. The
Fig. 4 Effect of hydrothermal processing time on the (a) length and (b)
diameter of the ZnO nanowires grown on 100 nm thickness ZnO thin
films. The insets display the effect of varying ZnO thin film thickness on
the length and diameter.

25724 | RSC Adv., 2020, 10, 25721–25729
results pertaining to HMTA are consistent with literature, which
indicates that the supply of HMTA provides the hydroxyl ions
needed for the precipitation reaction in addition it acts as a pH
buffer. HMTA also attaches to the non-polar facets of ZnO
exposing the polar (001) plane, leading to axial or 1D crystal
growth. Until supersaturation is reached, this process leads
suppression in lateral, but enhanced axial growth leading to
nanowires growth and development.23–26

The optimized (25 mM) of HMTA and ZnAcD precursor in
deionised water is then used to study the effect of hydrothermal
processing time and duration on the growth patterns of the ZnO
structures. The results plotted in Fig. 4(a and b), show that there
is increase in length and diameter of the rods with increase in
duration of synthesis on 100 nm thickness lms. The insets
show the results for the other thicknesses. Signicantly, ZnO
are nanorods of diameter < 50 nm observed for 10 min duration
of synthesis. The largest reduced aspect ratios (ratio, AR), of the
order of 10, are achieved for long durations of processing. In
Fig. 5 X-ray diffraction patterns of hydrothermally processed ZnO on
100 nm thickness ZnO film showing the effect of (a) increasing
duration of processing at 120 �C and (b) increasing temperature at
a fixed processing duration of 3 h.

This journal is © The Royal Society of Chemistry 2020
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summary, very short duration of synthesis is essential for short
length and low diameter nanorods. Increase in length and
diameter can be achieved by increasing the duration of hydro-
thermal processing.

The effect of thickness of ZnO lm on the crystallographic
texture of HP ZnO is shown in ESI Fig. S2(a and b).† It is evident
that, crystallization occurs within 10 min of hydrothermal
synthesis. At this point the ZnO structures are polycrystalline
with crystallite sizes in the range of 20–30 nm. Aer 1 h of
hydrothermal synthesis, the ZnO nanorods on the 100, 150 and
200 nm thin lms show preferred c-axis orientation. However,
the ZnO nanorods on the 400 nm lm do not exhibit any
preferred orientation.

The X-ray diffraction patterns of the HP ZnO grown on the
100 nm thickness ZnO lms, for different durations at 120 �C
are shown in Fig. 5(a). The effect of increasing temperature
(between 90 �C to 180 �C) at a constant duration of 3 h on the
crystallographic evolution is shown in Fig. 5(b). The XRD
patterns in all the cases indicate that the ZnO nanowire arrays
are polycrystalline in nature with no obvious preferred orien-
tation. The FE-SEM images of the HP ZnO for a duration of 3 h
as a function of increasing temperature from 90–180 �C are
displayed in Fig. 6(a–d). Interestingly at 90 �C the growth of
nanotubular structures is observed which transform into
nanowire like structures of diameter 50–60 nm, at a tempera-
ture of 120 �C. Further increase in temperature to 150 and
180 �C, results in slight increase in diameter to 100 nm with
lengths upto 2 mm, indicating AR of the order of 20. The shape
of the rods is more hexagonal than cylindrical at these
temperatures. The edges of the rods are very rough, but they are
exible as in the case of the samples synthesized at 120 �C.

These microstructural and structural evolutions of the ZnO
nanowire arrays indicate that there is a “memory” effect i.e. the
growth patterns are sensitive to the surface microstructure of
the ZnO lms on which they are grown. The surface of the
100 nm thin lms comprises of 50–60 nm sized spherical
Fig. 6 Scanning electron microscope images of hydrothermally pro-
cessed ZnO for a duration of 3 h on 100 nm thickness ZnO films at (a)
90 �C, (b) 120 �C, (c) 150 �C and (d) 180 �C.

This journal is © The Royal Society of Chemistry 2020
particles and, there is increase in size of particles accompanied
by a change in shape (from Fig. 1(a–d)) as the thickness is
increased. The porosity also appears to increase with increase in
thickness. As stated earlier, surface roughness as a contributing
factor cannot be neglected. It would, thus, indicate that the
surface of the 100 nm lm provides more nucleation sites for
the growth of nanorods/wires leading to the higher density and
their lower diameter. The number of nucleation sites available
for growth decrease with increase in thickness as a result of
increase in grain size.20 It can, thus, be hypothesized that the
interfacial free energy (i.e. at the interface between ZnO lm and
nanowires) is an important energy barrier that needs to be
overcome for the growth of nanowires/rods. This can also be
explained within the framework of Volmer–Weber mechanism,
wherein the growth of nanowires on thin lms is determined by
strain energy minimization at the interface.27

At this point it is relevant to summarize the different
conditions under which the ZnO homo-structures are grown
and understand the possible mechanisms for the observed
growth. The ZnO thin lms of thickness 100–400 nm are
prepared on glass substrates by thermal evaporation and sub-
jected to post-deposition heat treatment at 400 �C for 2 h to
ensure stoichiometry, crystallinity and remove metallic residues
if any. FE-SEM studies indicate that the surface microstructure
is profoundly thickness dependent. Subsequently, ZnO nano-
structures are grown on these lms by hydrothermal process-
ing. The hydrothermal processing is carried out at different
temperatures for a xed duration and at a xed temperature for
different durations (all other conditions being the same). Three
observations can be made (1) all the nanostructures are verti-
cally oriented, independent of the conditions of processing and
nature of underlying thin lm surface (2) the dimensions and
shapes are signicantly dependent on the nature of the
underlying ZnO thin lm surface and (3) the nanowires are
cylindrical in nature for hydrothermal durations of <3 h. Longer
synthesis durations leads to the hexagonality of rods.

It is inferred, from these observations, that the hexagonal
shape is the equilibrium shape for the rods, i.e. given favourable
conditions it is most likely that the ZnO structures will only
grow in the form of hexagonal rods, most likely due to the
wurtzite structure of ZnO. This is consistent with earlier
observations in literature.20
3.3 Photoluminescence, Raman spectroscopy, and optical
properties of ZnO homo-structures

As in the case of microstructure and structure, initial studies are
carried out on the 100 nm ZnO lms to investigate their pho-
toluminescence (PL) and Raman scattering behaviour. It is
observed that the PL spectra of the ZnO thin lms, shown in ESI
Fig. S3(a),† display a prominent peak centred around 550 nm
and a comparatively weaker peak centred around 380 nm. It is
well documented that ZnO exhibits a near band-edge (NBE) PL
peak at around 380 nm and defect related peak at approximately
550 nm. While the UV-NBE is attributed to the exciton–exciton
scattering process from the n¼ 1 state to the exciton continuum
RSC Adv., 2020, 10, 25721–25729 | 25725
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Fig. 7 Photoluminescence spectra of ZnO homo-structures showing
the effect of (a) varying duration of processing at 120 �C and (b)
increasing temperature at a fixed processing duration of 3 h.
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state (P-line), the emission near 550 nm is generally assigned to
oxygen vacancies (Vo).28

Signicantly, in the present case, UV-NBE is of much lower
intensity than the visible-region emission. This would imply the
existence of large volume of defects in the lms in the form of
oxygen vacancies or Zn interstitials. Another interesting aspect
is the decrease in intensity of the defect related peak and cor-
responding increase in intensity of the UV-NBE with increase in
thickness. This phenomenon is accompanied by a red-shi in
both peak positions. The red-shi of the band edge emission
has been attributed to the Burstein–Moss band lling effect or
a band gap shrinkage due to charge transfer from un-reacted Zn
to ZnO.

Raman spectra of these lms displayed in ESI Fig. S3(b)†
conrm these observations. There is a strong Raman band
centred at 330 cm�1, which blue shis (to 316 cm�1) and gets
strengthened with the increase in thickness. The most intense
band, expected from group theory considerations, centred
around 437 cm�1 is very weak for the 100 nm thickness lm.
With increase in thickness the intensity of the peak increases
and its existence is very evident for the 300 nm thickness lm.
The relative intensities of the high wavenumber to low wave-
number peaks increases with increase in thickness of the lm.
The low wavenumber peak at 330 cm�1 has been interpreted
earlier as being a second order Raman scattering peak origi-
nating from multi-phonon scattering processes.29–31 This is
ascribed to the E2(high)–E2(low) mode of ZnO, related to the
zone boundary phonons, similar to GaN.31 The presence of
these modes in un-doped ZnO thin lms is unusual, since
majority of the observations on this low wavenumber peak have
been in the case of metal-doped ZnO. For example, in Mn doped
ZnO there is clear evidence of the intensity of the peak
increasing with increased dopant concentration.29 Multi-
phonon processes are generally linked to the presence of
disorder (such as defects and vacancies) in the material, which
allows phonons of different symmetries to be scattered leading
to the enhancement of their peak intensity. The blue-shiing of
this peak can be attributed to increase in strain at the interface
between the lm and substrate due to heat treatment.32–35 Thus,
the PL and Raman spectroscopy observations indicate the
existence of defects in the thin lms used to support the
nanowire arrays.

The effect of these defects on the PL, Raman and optical
spectra of the ZnO homo-structures are examined next. In all
these cases, the ZnO lm is of 100 nm thickness. The effect of
increasing duration of hydrothermal processing at 120 �C on
the PL spectra is shown in Fig. 7(a). As in the case of the thin
lm, the visible region peak centred around 550 nm is
signicantly more intense than the UV-NBE peak at
378(�2) nm aer 10 min of HP. As the duration of processing
increases there is an increase in the intensity of UV-NBE peak,
while the intensity of the visible region peak (at 560 � 2 nm)
does not increase that signicantly. Aer 10 h of HP, in
addition to the peak at 378 nm, there are also two other peaks
at 418 and 450 nm signifying the improved crystallinity of the
nanowires as well as their hexagonal nature. This is also
inferred from the large blue-shi of the defect related peak
25726 | RSC Adv., 2020, 10, 25721–25729
from 550 nm to 508 nm. Interestingly, when the temperature is
increased from 90 �C to 180 �C at a xed duration of 3 h
(Fig. 7(b)), the intensity of the PL peak at 562(�2 nm) does not
change very signicantly upto 150 �C, but shows a decrease
thereaer at 180 �C (Fig. 7(b)). The UV-NBE emission does not
dominate over the visible PL, in this case implying that defects
are still present and contributing to the PL spectra. This is also
evident from the very intense peak at 650 nm in the case of the
90 �C HP sample.

Raman spectra displayed in Fig. 8(a) for the homo-structures
as a function of increasing HP duration are very interesting due
to their difference from the spectra of the thin lms. In contrast
to the thin lms, there is complete absence of the second order
Raman scattering peaks (at low wavenumbers) in the case of
nanowires. The most intense peak is centred around 437 cm�1

characteristic of wurtzite ZnO, as stated earlier. This is also
consistent with PL spectra discussed in Fig. 7(a and b), wherein
the defect related peak decreases in intensity with increase in
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Optical transmission spectra of ZnO homo-structures showing
the effect of (a) varying duration of processing at 120 �C and (b)
increasing temperature at a fixed processing duration of 3 h.

Fig. 8 Raman spectra of ZnO homo-structures showing the effect of
(a) varying duration of processing at 120 �C and (b) increasing
temperature at a fixed processing duration of 3 h.
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duration of HP. The appearance of very low intensity peaks at
569 and 579 cm�1 indicates presence of very small fraction of
oxygen vacancies and other defects. Interestingly, at a xed
duration of HP with increasing temperature (Fig. 8(b)), the
second order Raman peak at 330 cm�1 is very visible. In addi-
tion, the peak at 379 cm�1 assigned to the A1(TO) mode as
a result of the displacement of Zn2+ and O2+ ions parallel to the
c-axis is also observed. Both these modes indicate that increase
in temperature for a xed duration is not very conducive to
remove the defects.

The optical transmission spectra, in Fig. 9(a), reveal that
increase in duration of HP at a xed temperature of 120 �C
results in decrease in transmission as well as optical band gap.
The 10 min HP sample has almost 60% transmission, which
decreases to approximately 20% aer 10 h of HP. The band gap,
as a consequence of increased duration of HP, decreases from
3.4 eV to 2.6 eV. However, at a xed HP duration of 3 h
(Fig. 9(b)), the red-shi in band gap is much less (from 3.4 eV to
3.1 eV) in comparison to the change observed with increase in
HP duration at a xed temperature. Furthermore, the impact of
This journal is © The Royal Society of Chemistry 2020
increased temperature on optical transmission is very limited.
All these homo-structures exhibit about 40% transmission in
the visible and NIR regions.

The picture that emerges from these studies is that the ZnO
thin lms show a large density of defects. This is attributed to
the fact that thermal evaporation of high melting point mate-
rials such as ZnO induces non-stoichiometry in the deposited
lms.36 The presence of defects and the nature of the thin lm
surface play an important role in the PL and Raman spectra of
the homo-structures. It is pertinent to recall that the PL emis-
sion at 380 nm is attributed to the recombination of free-
exciton. The broad band emission from 400 nm to 600 nm
revealed the radiative recombination of the photo-generated
hole with the electrons that belonged to the singly ionized
oxygen vacancies.28 The second broad peak features (peak
position and peak intensity) of PL spectra gives the information
of defect level distribution and its density. It is, thus, evident
from the intensities and position of the PL spectra of the homo-
structures that the defects in the nanowires and, as a conse-
quence, the emission (wavelength and intensity) from them is
RSC Adv., 2020, 10, 25721–25729 | 25727
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strongly dependent on the defects in the underlying thin lms.
It could be inferred that the defects propagate in to the nano-
wires upto a length of 1–2 microns. As the length of the nano-
wires increase beyond this value, the effect of the defects on
photoluminescence decreases and the intensity of the UV-NBE
increases. This is very interesting for LED applications based
on such homo-junctions as it provides the possibility of defect-
controlled emission.9–16
4. Conclusions

In summary, the growth of ZnO thin lm-nanowire homo-
junctions is reported. The thin lms are grown by thermal
evaporation on glass substrates followed by post-deposition
heat treatment at 400 �C for 2 h. These lms exhibit thickness
dependent morphology ranging from spherical particles to
akes. X-ray diffraction studies indicate the lms are poly-
crystalline in nature. Photoluminescence and Raman spectros-
copy studies show that the lms have a large density of defects.
The optical band gap is of the order of 3.4 eV. Nanowires are
grown on top of the lms using hydrothermal processing from
a zinc acetate precursor. The dimensions of nanowires are
strongly dependent on the temperature (90 �C to 180 �C) and
duration of synthesis (10 min to 10 h) apart from the
morphology of the lms. Interestingly, the defect related
emission is suppressed in the nanowires as evidenced from the
photoluminescence spectra, which is conrmed by Raman
spectra. The current study indicates that emission from the
homo-structures can be controlled by controlling dimensions
and defects in the nanowires.
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