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Silver/zinc oxide heterostructures have been adopted to investigate the spectral properties that are of
paramount importance to demonstrate the feasibility of band gap engineering upon injection of hot
electrons in the ensuing microstructural architectures. Simultaneous hydrolysis of the precursor salts of
variable compositions in a water/o-xylene binary solvent mixture under alkaline conditions provides a
rational approach to induce co-organisation into a series of Ag/ZnO microstructures. The generation of
hot electrons in plasmonic silver particles upon illumination with light and their subsequent injection
into ZnO provide unique opportunities for the manipulation of electromagnetic waves in the metal/
semiconductor heterostructures. Metallic colloids of silver have large absorption cross-sections and
therefore, possess the ability to concentrate electromagnetic radiation in the subwavelength dimension
and on a femtosecond time scale. Plasmonic excitation of silver nanostructures initiates a variety of
photophysical processes, including non-radiative decay which produces non-thermal 'hot’ carriers that
can be injected along the vicinal semiconductor boundary harnessing the absorption loss. It has been
revealed that a mere variation in the experimental conditions creates a diversity in the morphology that
imbues considerable differences in the spectral characteristics of the Ag/ZnO heterostructures. Since
numerous metal nanoparticles are incorporated inside the giant semiconductor architecture, the obtained
microstructures provide new model systems for the modification of respective theoretical models with many

rsc.li/materials-advances body electron transfer processes.

1. Introduction

The generation of plasmonic hot carriers upon excitation of
metallic nanostructures and subsequent injection into semi-
conductors is critical in the transduction of light into electrical
and chemical energy that renders important consequences in
light harvesting processes.'™ Modification of the electrostatic
potential upon rectifying metallic contacts on semiconductors
surfaces dates back to the proposition of the classic model by
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Schottky predicting the phenomenological boundary condi-
tions for metal-semiconductor interfaces.” The injection of
plasmonic hot electrons in metal-semiconductor heterostruc-
tures opens opportunities to increase the spectral range of
photon energies covering a substantial part of the solar spec-
trum and such photoinduced charge transfer processes can be
harnessed in the context of solar energy conversion, plasmon
enhanced photocatalysis, surface photochemistry, second har-
monic generation, Schottky diodes, Fabry-Perot interference
fringes and photoelectron microscopy.® The physical origin of
the light absorption by metal nanoparticles is the time-varying
electric field of the electromagnetic radiation that causes
collective oscillation of the conduction electrons in metal
nanoparticles with a resonance frequency, often referred to as
localised surface plasmon resonance (LSPR).” The creation of
an electric dipole in the metallic nanostructure upon light
illumination is instantaneous and therefore the electric charge
can redistribute across an interface on the time scale of the
dephasing of the optically excited coherence.® The confined
surface plasmons, thus, after a short time, start to decay into
reemitted photons through a radiative process or interband or
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intraband transitions via a non-radiative pathway, creating hot
electron-hole pairs through Landau damping on the time
scale of, typically, less than ten femtoseconds.® The plasmonic
hot electrons can further undergo thermalisation through
electron-electron and electron-phonon scattering leading to
the transduction of light, eventually, becoming transformed
into thermal energy.'® However, the energetic hot electrons
with photon energies lower than the semiconductor band gap
can be captured before thermalisation by an adjacent semi-
conductor opening a new avenue for additional energy
harvesting."" The charge transfer across the interface can also
occur by coherent coupling at the donor and acceptor states.
The hot electrons, being confined at the subwavelength dimen-
sion prior to losing the energy can interact several times
with the boundary which increases the probability of injection.
The photogeneration of hot electrons in a metallic structure
and their injection into a semiconductor is critical for
the conversion of sub-band gap photons into electrical charges
and therefore, to govern the photophysical, photochemical
and photocatalytic aspects of the metal-semiconductor
heterostructures.’” The efficiency of the generation of hot
carriers and subsequent injection due to carrier confinement
and surface scattering is strongly dependent upon the compo-
sition and morphology of the individual components forming
the metal-semiconductor heterostructures.

The recent advent of the art of nanomaterial synthesis and
the design of heterostructures by controlled miniaturisation of
two or more disparate materials, represents a potential
approach for achieving advanced materials that has become
more and more indispensable to fulfill the academic and
industrial perspectives.">'* The development of synthetic
approaches offering a high degree of control over the composi-
tion and morphology using a wide range of material combina-
tions has become an effective strategy for inducing new
physicochemical properties.'® Zinc oxide (ZnO) has received
considerable interest as a compound metal oxide semiconduc-
tor derived from the group IIb-VI series in the periodic table
with the characteristics of a wide direct band gap (3.37 eV),
large exciton binding energy (60 meV) at room temperature,
good thermal and chemical stability, and low cost and environ-
mental friendliness due to its biocompatibility.'® In addition to
its numerous inherent physicochemical properties and diverse
applications, ZnO displays high optical transparency and lumi-
nescence properties in the near UV-vis region and excellent
electrical characteristics, suitable for making sensing devices."”
Silver particles, in the nanometer size regime, exhibit distinc-
tive optical properties as the dielectric constant of the metal
near the Frohlich frequency gives rise to intense plasmon
absorption in the visible region."® It has been established that
pure ZnO nanostructures exhibit weak optoelectronic features
arising due to point defects, such as oxygen vacancy or inter-
stitial Zn and these factors limit their utilisation directly
to industrial applications.'® Therefore, doping of suitable
substances into ZnO is indispensable for engineering of
the electronic, optical, magnetic and transport properties. In
addition, appropriate n- and p-type states are necessary in order
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to manufacture convenient optoelectronic devices. Achieving
p-type doping in ZnO nanostructures has, often, been relatively
difficult; amongst the elements of group IB, silver has been
found to be the best-suited candidate due to its high solubility,
larger ionic size, minimum orbital energy and ability to form
shallower acceptor levels.”® It has been predicted that under
O-rich conditions, the Ag atoms occupy Zn lattice sites forming
AgZn defects. Doping of silver in ZnO provides the impurity
band in the energy gap that could be ascribed to the formation
of the p-type in these substances; the reduction in the energy gap
leads to an increase in the efficiency that makes the utilisation of
these materials in optoelectronic devices feasible.>' Moreover, due
to the large p-d coupling arising from the overlap between
the Ag 4d and O 2p states, the effective mass of the defect
band is small which leads to improvement in the transport
properties.>* Furthermore, it has also been possible to synthe-
size dilute magnetic semiconductors with a ferromagnetic
behaviour by silver doping in the ZnO wurtzite structure that
can be utilised in spintronic applications.?® Therefore, hetero-
structures comprising of semiconducting ZnO and plasmonic
Ag with well-defined morphologies have attracted significant
interest owing to their potential for providing new opportunities
for optimising, tuning and/or enhancing the optical properties,
electronic structure, electrical characteristics, and light-induced
charge separation effects.**® These plasmonic/dielectric hetero-
structures have gained considerable attention for studying
their absorption spectral features,”” photoluminescence,”®
Raman scattering,> second harmonic generation,*® electrical
conductivity,**** and photocatalytic** and biological activity.**?>
There have been extensive studies on the synthesis, characteriza-
tion and applications of heteronanostructures; however, hardly
any attention has been paid to the investigation of these aspects
in microstructures.

In this article, we elucidate the modification in spectral
characteristics of the Ag/ZnO heteromicrostructures upon injec-
tion of plasmonic hot electrons at the metal-semiconductor
interface. Heterostructures with diverse morphologies have
been synthesised by in situ hydrolysis of mixed metal ions of
variable compositions in water/o-xylene binary solvent mixtures
under alkaline conditions. A salient feature of physical signifi-
cance is that a small variation in the experimental conditions
creates diversity in the morphology and therefore, spectral
characteristics of the Ag/ZnO heterostructures. Thus, silver/zinc
oxide has been adopted as the typical model metal-semicon-
ductor system to understand the light-induced photophysical
processes under variable microenvironmental conditions.

2. Experimental
Reagents and instruments

All reagents used were of analytical reagent grade. Zinc acetate
dihydrate [Zn(OOCCHj;),-2H,0], silver nitrate (AgNO;) and
potassium hydroxide (KOH) were purchased from Sigma-
Aldrich and were used as received. Methanol and o-xylene were
purchased from Sisco Research Laboratories, India, and were

This journal is © The Royal Society of Chemistry 2020
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used without further purification. Double distilled water was
used during the course of this investigation.

Absorption spectra were measured in a PerkinElmer
Lambda750 spectrometer using 1 cm quartz cuvette. Diffuse
reflectance spectra were measured using the same instrument
taking the solid sample in a reflectance port in a 100 mm integrat-
ing sphere. Accessories and baseline were corrected by using a
reference reflectance port in the integrated sphere. Photolumi-
nescence spectra were recorded on a PerkinElmer LS-45 spec-
trofluorimeter equipped with a 9.9 W xenon flash lamp and a
photomultiplier tube with the S-20 spectral response. The spectro-
fluorometer was linked to a personal computer and the FL Winlab
software package was utilized for data collection and processing.
Scanning electron micrographs were recorded by using a JEOL JSM-
6360 instrument equipped with a field emission cathode with a
lateral resolution of approximately 3 nm and acceleration voltage of
3 kv after sputtering the sample on a silicon wafer with carbon
(approx. 6 nm). Thin films were prepared by drop-coating from the
methanolic solutions of the respective samples onto silicon wafers.
Energy dispersive X-ray (EDX) analysis was performed using the
Bruker’s QUANTAX microanalysis system. Fluorescence microscopy
images of the membrane were recorded on a Zeiss fluorescence
microscope (excitation: 325 nm, detection: 540 nm). Transmission
electron microscopy (TEM) was carried out on a JEOL JEM-2100
microscope with a magnification of 200 kV. Samples were prepared
by placing a drop of solution on a carbon-coated copper grid and
dried overnight under vacuum. High resolution transmission
electron micrograph (HRTEM) and selected area electron diffrac-
tion (SAED) patterns were obtained using the same instrument.
Fourier transform infrared spectra were recorded in the form of
pressed KBr pellets in the range of 400-4000 cm ™' on a Shimadzu-
FTIR Prestige-21 spectrophotometer. Cyclic voltammetry measure-
ments were performed on a CHI-660C electrochemical workstation.
Data have been collected using Pt electrodes as working as well as
counter electrodes and an Ag/AgCl electrode (in 0.1 M KCl solution)
as the reference electrode at a temperature of 298 K. Powder X-ray
diffraction patterns were obtained using a Bruker AXS D8
ADVANCE X-ray diffractometer with CuKo radiation (4 = 1.4506 A);
data were collected at a scan rate of 0.5° min~' in the range of
10°-80°. X-ray photoelectron spectroscopy measurements were
performed using a PHI-Quantum-2000 X-ray photoelectron spec-
trometer with AlK, radiation. Raman measurements were per-
formed using a micro-Raman set-up consisting of a spectrometer
(LabRAM HR JovinYvon) and a Peltier-cooled CCD detector.
An air-cooled argon-ion laser (Ar"®) with a wavelength of
488 nm (2.55 eV) was used as an excitation light source, and
a 10x objective with a numerical aperture of 0.9 was used to
focus the laser and to collect the scattered light from the
sample. The COMSOL Multiphysics software package was used
for the finite element method.

3. Results and discussion

In this experiment, silver/zinc oxide microstructures with dif-
ferent interesting morphologies have been synthesised by

This journal is © The Royal Society of Chemistry 2020

View Article Online

Paper

in situ hydrolysis of mixed metal ions of variable compositions
in a water/oxylene binary solvent mixture under alkaline
conditions as has been described in detail in ESI1.f The
manipulation of the concentration of the silver precursor has
been found to be an effective strategy for tailoring the morphol-
ogy of the plasmonic/semiconductor heterostructures. In this
synthetic strategy, Ag seeds formed in situ catalyse the subse-
quent growth of ZnO on the surface of metallic particles;
thus, the simultaneous hydrolysis of the precursor salts via a
thermal method induces microscale co-organisation of semi-
conducting ZnO and plasmonic Ag particles and provides a
rational approach for the formation of metal/semiconductor
microstructures. Thus, five different sets of the assemblies were
prepared with molar concentration ratios of zinc and silver
precursor salts as 1:0.010, 1:0.013, 1:0.020, 1:0.040 and
1:0.100, designated as sets A, B, C, D and E, respectively as
has been presented in ESI2.1 For the purpose of comparison,
studies have been included for ZnO quantum dots (QDs)
(3 £ 0.5 nm) synthesised using the same synthetic methodology
except that no silver precursor was added in the reaction
mixture.’® The resultant assemblies so obtained have been
characterised by diffuse reflectance spectroscopy (DRS), Fourier
transform infrared (FTIR) spectroscopy, cyclic voltammetry
(CV), Raman spectroscopy, selected area electron diffraction
(SAED), X-ray diffraction (XRD) and energy dispersive X-ray
(EDX) analysis, X-ray photoelectron spectroscopy (XPS), fluores-
cence microscopy, transmission electron microscopy (TEM),
high resolution transmission electron microscopy (HRTEM),
and scanning electron microscopy (SEM).

The morphology, composition and crystallinity of the particles
have been characterised by TEM, SEM, fluorescence microscopic
imaging, EDX analysis and SAED. Typical scanning electron
microscopy images, fluorescence microscopy images and
energy dispersive X-ray patterns of the Ag/ZnO microstructures
are shown in Fig. 1. Panels (a-e) exhibit low resolution SEM
images of the as-prepared heterostructures synthesised in the
presence of different concentrations of the silver precursor. It
can be clearly observed that variation of the silver precursor
concentration in the reaction mixture in the presence of water/
oxylene immiscible liquid pairs under boiling conditions
(heating at 60 °C) gives rise to morphological diversity with
specific structural features. Insets in the panels (a-e) show the
high resolution scanning electron micrographs of the respec-
tive heterostructures. A closer inspection of the morphology
shows that the architectures become more and more complex with
increase in the silver precursor concentration. More precisely, it is
noted that with increase in the silver precursor concentration, a
variation of the shape from roughened microrods to cuboidal-
shaped microrods to urchin-like to multipod-like to flower-like
microstructures becomes apparent. From these structural
investigations, it is apparent that the concentration of the silver
precursor plays a critical role in the evolution of diverse
microstructures due to the change in the concentration gradi-
ent and solubility of the solutes in the solvent pair.’” Zinc
acetate and silver nitrate are soluble in water (430 ¢ L™ " and
2220 g L " at 20 °C, respectively); however, there is no report of
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Element Atom %
Zn 49.13
o 49.13
Ag 1.74
Fig. 1

(a—e) Scanning electron micrographs of Ag/ZnO heterostructures with ZnO:Ag = 1.0:0.01, 1.0:0.013, 1.0:0.02, 1.0:0.04 and 1.0:0.1,

respectively; (f) high resolution SEM image of the architectures (set D) indicating the assemblies the smaller particles, (g) high resolution SEM image
of the architectures (set E) showing the tight binding of the particles, (h) energy dispersive X-ray spectrum (set C) and (i) fluorescence microscopic image

of the architectures (set C) under bright field.

solubility of zinc acetate or silver nitrate in o-xylene. Although
the polarity of o-xylene is negligible, the solvent renders a
unique environment (the miscibility of o-xylene in water is
0.02% at 20 °C) in the formation of the architectures. However,
it can be assumed that o-xylene has two roles: firstly, it may
decrease the solubility of zinc acetate as well as silver nitrate
because of the lyophobic nature and secondly, due to the differ-
ence in viscosity of the solvents (water: 1.0 cP and o-xylene: 0.81 cP
at 20 °C), the migration behavior in the organic solvent is different
from that in water which offers further possibilities to control the
mobility of the ions. Therefore, during the reaction, changing the
ratio of the ions controls the morphology of the heterostructures.
From the representative high magnification SEM image (panel f)
of the heterostructures (set D), the observation of the “broken off”
ZnO arms indicates the assembly of the smaller particles in
harnessing the microstructures.*® The high resolution SEM image
(panel g) of the heterostructures (set E) exhibits that the particles
are tightly packed in the microstructures. The compositional
profile obtained by the representative energy dispersive X-ray
spectrum (panel h) shows that the heterostructures (set C) are
composed of Zn, O and Ag elements with the atomic ratio of 1:1:
0.035, which confirms the deposition of silver species and the
absence of other impurities in the as-prepared heterostructures.®”
The representative fluorescence microscopy image (in the bright

2900 | Mater. Adv., 2020, 1, 2897-2907

field) of the resultant heterostructures (set C) is shown in panel i;
the heterostructures so formed were collected in a micropipette
and suspended in water in the cavity of a glass slide. The
observation of structurally intact assemblies exhibits the crys-
tallisation of fluorescent ZnO particles into microstructures.*

The structural morphology of the as-synthesised hetero-
structures has been further confirmed by TEM, HRTEM and
selected area electron diffraction patterns as shown in Fig. 2.
Panel a shows the low-magnification TEM image taken from
the edge of the as-prepared Ag/ZnO heterostructures (set E)
which reveals that the structure is comprised of both metallic
and semiconductor components. The substantially higher mass
contrast sensitivity in the image causes the silver nanoparticles
to appear much brighter than the surrounding ZnO architec-
ture. The transmission electron micrographs were measured
for all sets of particles; it was observed that the size of the silver
particles lies in the range of 16 = 4 nm and does not change
considerably in different sets of the hererostructures. Panel b
shows the HRTEM image of the Ag/ZnO heterostructures (set E)
that exhibits the lattice fringes as 0.25 nm belonging to the
(111) plane of fcc Ag and 0.26 nm of the (002) plane of wurtzite-
type hexagonal ZnO at the edge portion, confirming the crystal-
line nature of Ag and ZnO components.’’ The corresponding
SAED pattern (panel c) of Ag/ZnO heterostructures (set E) exhibits

This journal is © The Royal Society of Chemistry 2020
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Fig. 2
corresponding to Ag/ZnO heterostructures (set E).

polycrystalline-like diffraction which is consistent with the
reflections (100), (002), (101), (102), (110) corresponding to
the hexagonal wurtzite phase of ZnO particles along with the
(111), (200) and (220) diffraction lines of Ag which reveals
crystallographic orientations for both ZnO and Ag in the
heterostructures.*’

Since microscopic analysis shows that the as-prepared
microstructures are not smooth, the optical absorption of the
samples has been measured by diffuse reflectance rather than
by normal reflectance. Fig. 3 shows the diffuse reflectance
spectra of the five different sets of Ag/ZnO microstructures in
the solid state. The strong opalescence of the microstructures
shows two maxima: one is in the range of 300-350 nm, which is
characteristic of the ZnO direct band gap transition*' and other
is near 400 nm which arises due to the localised surface
plasmon absorption band of the silver nanoparticles.’® Under
plasmon resonance conditions, an evanescent electric field is
created on the surface of the silver nanoparticles that pene-
trates into the surrounding ZnO and augments the electric field
of the illuminating light.>® It is seen that the positions of the
maxima of both ZnO and Ag are different in the various sets,
which indicates that the spatial distribution of the electrons is
no more homogeneous and is modified at the interface. This is
because the incorporation of silver increases the density of

Pure ZnO
ZnO : Ag=1:0.100
06_ ZnO : Ag=1:0.040
' ZnO : Ag =1:0.020
— ZnO:Ag=1:0.013
S ZnO : Ag=1:0.010
S
o 0.4-
o
c
@®©
Ke]
—
3
o 0.2
<
0.0+

400 500 600 700

Wavelength (nm)

200 300 800

Fig. 3 Diffuse reflectance spectra of pure ZnO and different sets of Ag/
ZnO microstructures.
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(a) Transmission electron micrograph, (b) high resolution transmission electron micrograph and (c) selected area electron diffraction pattern,

states impinging the photoexcited electrons of the silver nano-
structures near the Fermi level of ZnO, thereby leading to the
modification of the band structure at the Ag/ZnO interface.*?
The efficiency of manipulation of the electromagnetic radia-
tion, critically depends on the concentration of the metallic
particles as well as the integration of plasmonic and semicon-
ductor components within the microstructures.**> However, a
regular change in the reflectance spectra was not seen with
the increase in the silver nitrate concentration which can be
ascribed to the interplay of different positional and orienta-
tional factors of the individual components within the Ag/ZnO
microstructures.

The engineering of band gaps is common practice for
exploiting semiconductors for desired physical properties.*
The electronic structure of semiconductors, such as, ZnO is
characterised by a valence band, which is filled with electrons,
and an empty conduction band. In metal/semiconductor micro-
structures, photoinduced charge carriers are trapped by the
noble metal particles and become capable of promoting
the interfacial charge-transfer processes.> The optical band
gap of the pure ZnO and the microstructures can be estimated
using Tauc’s equation, («hv)'™ = A" (hv — E), where, o is the
absorption coefficient, Av the photon energy, A a constant and
E, represents the optical bandgap. In this equation, the value of
n = 1/2, for direct allowed transition. Fig. 4 shows the plot of
(xhv)* as a function of photon energy (hv) of the as-synthesised
pure ZnO and five different sets of Ag/ZnO microstructures.
Although the band gap of ZnO QDs has been calculated to be
3.92 eV, upon addition of silver for maneuvering Ag/ZnO
microstructures, the deep level emission (DLE) band becomes
significant as compared to near band edge emission (NBE)
band and as a consequence, the values of the band gap are
reduced to ca. 2.48, 2.45, 2.42, 2.29 and 2.19 eV with a decrease
in the silver precursor concentration consistent with earlier
observations.*® A significant variation in the band gap is noted
due to the incorporation of silver nanostructures in the ZnO
matrix. The decrease in the band gap energy could be attributed
to the formation of intermediate donor levels below the con-
duction band, with the electron requiring less energy to move
from the valence to the conduction band.*” It is, therefore,
apparent that manipulating and guiding photons at the micro-
scale inside semiconductor could, sensitively, be managed with
the assistance of interdigitated plasmonic metal particles."®

Mater. Adv., 2020, 1, 2897-2907 | 2901
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Pure ZnO (Eg =3.96 eV)

ZnO:Ag=1:0.01 (Eg =219eV)

Zn0 :Ag =1:0.013 (Eg = 229 V)
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ZnO:Ag=1:0.02 (Eg =2.42 eV)
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ZnO:Ag=1: 0.04(59 =2.45eV)

Zn0:Ag=1:010 (Eg =248 eV)
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Fig. 4 Tauc plot for the estimation of the band gap energy of pure ZnO and different sets of Ag/ZnO microstructures.

Fourier transform infrared spectra of the as-prepared pure
ZnO and Ag/ZnO microstructures (set E), recorded in the range
400-4000 cm ", are shown in Fig. 5. The FTIR spectrum of pure
ZnO (trace a) shows a peak at ca. 453 ecm™ " that can be assigned
to stretching vibrations of Zn-O bonds; the other absorption
band at 1263 cm ' corresponds to the C-O stretching fre-
quency due to adsorbed acetate counter ions.*’ Upon addition
of the silver precursor (trace b), the FTIR spectrum exhibits
the appearance of two bands at ~437 and 466 cm™* that can
be assigned to the characteristic stretching modes of Ag-O
and Zn-O bonds, respectively.*” Moreover, the presence of
extra bands at 1395 and 1663 cm™ " could be attributed to the

1263

Transmittance (%)

460
N 1 N 1 " 1 " 1 " ] " 1 "

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Y
437

Fig. 5 Fourier transform infrared spectrum of (a) pure ZnO and (b) Ag/
ZnO microstructures (set A).

2902 | Mater. Adv., 2020, 1, 2897-2907

asymmetric and symmetric COO™ stretching vibrations of
acetate chemisorption, respectively, which probably, accounts
for colloid stabilisation.*® The explicit appearance of these
bands in the assemblies in comparison with pure ZnO are
possibly due to the large number of ZnO species present in
the microstructures. The absorption bands at ca. 869 and
3165 cm™ ' arise due to the stretching modes of O-H groups which
reveals the existence of a small amount of water chemisorbed
and/or physisorbed by the Ag/ZnO architectures.*®

Powder X-ray diffraction patterns of the as-prepared pure
ZnO and five different sets of Ag/ZnO microstructures are
shown in Fig. 6. All the diffraction peaks of pure ZnO could
be indexed as the pure hexagonal phase of Zn with a space
group of Cg, and cell constants a = 3.25 A, and ¢ =5.21 A (JCPDS:
76-0704), which suggests that the product comprises ZnO with
the wurtzite structure.>® Upon addition of the silver precursor
and subsequent hydrolysis in harnessing Ag/ZnO microstruc-
tures, in addition to the incipient peaks, additional diffraction
peaks at ca. 38.1° 44.3° and 64.47° (JCPDS 87-0597) corres-
ponding to the diffraction lines of (111), (200) and (220),
respectively can be indexed to the face-centred cubic structure
of Ag.>® The appearance of silver peaks becomes prominent
with increase in silver precursor concentration; the low inten-
sity of the silver peaks could be attributed to an insufficient
concentration of silver in the heterostructures.

The mechanism of the emergence of morphological diversity
upon increase in the silver precursor concentration has
been confirmed by multiple control experiments. It has, now,
been established that formation of such architectures occurs
through the spatial arrangement governed by different intra-
molecular or intraparticulate interactions, such as electrostatic
interaction, cross-linking agents, hydrogen bonding, charge
transfer interaction, van der Waals forces, dipole-dipole inter-
action etc. amongst the individual building blocks.>" The
evolution into microstructures was not seen in the absence of

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 X-ray diffraction patterns of pure ZnO and different sets of Ag/ZnO
microstructures.

silver precursor; therefore, in this synthesis strategy, the in situ
generated Ag seeds govern the subsequent nucleation of ZnO,
which has a great influence on the final morphologies of ZnO
mediated by silver ion concentration in the reaction mixture.
The formation of such specific architectures is also not
observed in the absence of o-xylene in the solvent medium;
thus, it is apparent that the observed morphology is the result
of specific interactions governed by the interfacial tension at
the water-organic interface that enable effective interparticle
interactions in harnessing the microstructures.’ Therefore, it
could be conceived that the smaller particulates in solution
with the well matched crystal lattice and active surface are
prone to integrate together through the oriented attachment,
driven by the increase of free energy and lattice free energy.>
The mechanism of evolution of Ag/ZnO microstructures (set E)
through kinetic studies based on absorption, Fourier transform
infrared and X-ray diffraction spectroscopy is enunciated in ESI3.t

X-ray photoelectron spectroscopy analysis has been carried
out for further confirmation of the purity and the composition

50000
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of the Ag/ZnO microstructures (set C). The XPS spectra demon-
strate the presence of Zn 2p, O 1s and Ag 3d as shown in Fig. 7.
The Zn 2p (panel a) exhibits two significant binding energy
peaks at 1043.2 eV (1044.4 eV in the bulk) and 1020.0 eV
(1021.65 €V in the bulk) that can be attributed to 2p;, and
2pasn, respectively. The splitting distance 23.2 eV between the
two peaks indicates that the Zn element existed in the form of
Zn**>* The O 1s peak (panel b) shows the position of binding
energy at 532.6 eV associated with the lattice oxygen in the
semiconductor matrix. Similarly, the Ag 3d (panel c) binding
energy peaks are located at 372.4 (373.4 eV in bulk) and
366.4 eV (368.22 eV in the bulk) corresponding to 3ds, and
3ds/,, respectively. The significant shift in binding energies of
Zn 2ps;, and Ag 3ds,, from the corresponding values of the bulk
can be attributed to electron transfer from metallic Ag to ZnO
crystals.”®> When the metallic and semiconductor components
come in contact with each other, the position of the corres-
ponding Fermi level is equilibrated which results in excess of
free electrons on the new Fermi level of the metallic compo-
nents. As a consequence, the free electrons can tunnel into the
vacant conduction band of the ZnO, resulting in a higher
valence state of Ag components.®®

Raman spectroscopy is the most effective technique to
achieve sensitive detection of optical phonon modes and
therefore to characterise related vibrational properties. Fig. 8
presents the room temperature Raman spectra of pure ZnO and
Ag/ZnO microstructures in the 50-2000 cm ™' spectral range; in
the present experiment, the samples were excited by the 488 nm
line (2.55 eV) of an Ar'® laser. It is seen that the spectrum of
ZnO is very weak; however, the intensity of the peaks increases
with increase in the silver precursor concentration; surface
enhanced Raman scattering is, therefore, observed in the
spectrum of Ag/ZnO microstructures. According to group the-
ory, the structure of ZnO belongs to the Cg, symmetry group
having two formula units per primitive cell with all the atoms
occupying the Cj, sites, which predicts eight sets of zone centre
optical phonons: two A4, two E;, two E, and two B; modes. Among
these, A; and E; modes are polar and split into transverse (A;T
and E;T) and longitudinal (A;L and E;L) phonons, all being
Raman and infrared active; E, modes are non-polar consisting
of two modes of low- and high-frequency (E,L and E,H) phonons
and are only Raman active, and B; modes are infrared and Raman
inactive (silent modes).*® The low frequency E, mode is observed
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Fig. 7 X-ray photoelectron spectra corresponding to (a) Zn 2p, (b) O 1s and (c) Ag 3d of the representative Ag/ZnO microstructures.
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Fig. 8 Raman spectra of pure ZnO and different sets of Ag/ZnO
microstructures.

at 100 cm™" which is associated with the vibration of the Zn
sub-lattice while the high frequency E, mode is related to the
vibration of only oxygen atoms and is considered as the Raman
fingerprint of the wurtzite ZnO phase.?® The A;(TO) and A,(LO)
polar branches appeared at about 380 cm ' and 570 cm %,
respectively; the A;(LO) phonon mode is commonly assigned to
the oxygen vacancies, zinc interstitials, or defect complexes
containing oxygen vacancies and zinc interstitials in Zn0.*
Other two Raman peaks located at about 331 and 1050 cm ™"
can be assigned to the 3E,y-E,;, and A,(TO) + E,; + E;(TO)
multiphonon scattering modes, respectively.”® The Raman peak
appeared at about 690 cm™' has also been reported for co-
doped ZnOj; however, the origin of this peak is not yet clear.>”
Nonetheless, the appearance of two new peaks at 1330 and
1581 cm ' can be attributed to the D-band and G-band of
acetate counter ions, respectively, responsible for the stabilisa-
tion of the microstructures.’® The appearance of these bands
due to acetate counter ions at the higher silver concentration is
in conformity with the infrared spectra as discussed earlier. The
enhancement of the intensity of the Raman signal with increase
in the silver precursor concentration can mainly ascribed to the
interaction between the metallic and semiconductor compo-
nents in the microstructures.>

Cyclic voltammograms of five different sets of Ag/ZnO
microstructures (0.01 M) in 0.1 M KCI solution using Ag/AgCl
as a reference electrode and Pt electrodes as working and
counter electrodes are shown in Fig. 9. It has been noted that
pure ZnO shows the current values of 24.99 and 3.67 pA at the
potentials of 0.45 and 0.10 V, respectively, whereas, silver
nanoparticles exhibit no peak potentials in the pure state (not
shown). From the spectra, it is seen that the microstructures do
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not possess any anodic peak potential which has been seen for
pure ZnO rather a peak at E;,. ~ —0.7 V is observed with varying
amount of current for different sets of Ag/ZnO microstructures.
It is also noted that the amount of current is increasing (4.901,
6.557, 6.584, 8.335 and 10.385 pA for the sets of A-E, respec-
tively) with the increasing ratio of silver in the microstructures.
These results reveal that a higher number of the electrons
becomes transferred from Ag to ZnO with increasing the ratio
of silver in the heterostructures.*® Moreover, the differences in the
flow of current are related to the differences in the extent of electron
transfer at the interface of the electrodes that reflects the difference
in charge densities of different sets of the microstructures.**

Due to the present state-of-the art advances in the synthesis
and characterisation techniques, it has been established that
plasmonic metal/semiconductor microstructures are materials
of immense interest due to complementarity in the optical
properties of the long-lived excitons in semiconductors and the
localised electromagnetic modes in metallic nanoparticles.®
Therefore, the investigation of structure-luminescence relation-
ship is quite fascinating in shape-selective metal/semiconductor
microstructures as has been presented in Fig. 10. Panel A displays
the normalised photoluminescence spectra of pure ZnO and Ag/
ZnO microstructures (Aex ~ 325 nm) in the solid state. It is seen
that all the photoluminescence spectra mainly consist of two types
of bands: the origin of UV luminescence can be attributed to
the photo-stimulated creation of excitons having energies just
below the ZnO band edge and their subsequent recombination
(near the band edge emission band) and the other peak in the
visible region may arise from the recombination of photo-
generated holes with the electrons in singly occupied oxygen
vacancies (deep level emission band)."* It is seen that pure
ZnO and Ag/ZnO microstructures exhibit distinctly different
emission profile; specifically, the concentration of the silver
precursor could tune the photoluminescence properties of
the microstructures. Moreover, it is seen that near-band-edge

10+

Current (nA)

-20-

0.0 05 10

Potential (V)

Fig. 9 Cyclic voltammograms of different sets (0.01 M) of Ag/ZnO
microstructures.
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UV luminescence is progressively shifted to the red and appear-
ance of new bands in the visible region with increase in silver
precursor concentration. Gaussian multipeak fitting in panel B
explicates the evolution of two visible emission bands in the
microstructures, one at 475 nm and another at 525 nm that
can be attributed to the presence of oxygen vacancy states on
the surface and deep interstitial oxygen states inside the
microstructures.’® The change in the photoluminescence prop-
erties of ZnO as a result of the assemblage implicits the strong
interaction between the semiconductor and the metallic parti-
cles and points to an efficient electron transfer from Ag to ZnO
components.>®

The work function of a semiconductor can be represented
as A¢ =1+ Vyp — (Er — Ey) = g + Vb + (Ec — Eg), where Vyp, is the
band bending, y the electron affinity, I the ionization energy,
and E¢; and Ey are the band energies of the conduction and
valence bands in the bulk.®" With increase in silver deposition
around the ZnO surface, the dipole causes a change in electron
affinity or the ionization energy and space charge diffusion
cause the change in the band bending potential. Considering

\.... Evac
>
%]
[o\]
w
Ec
A\
Yo Ep
Ey

Ag

ZnO

Scheme 1 Schematic presentation of the energy profile showing the
electron transfer processes at the Ag/ZnO microstructures.
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(A) Photoluminescence spectra (in the solid state) and (B) deconvolution of the spectra of pure ZnO and different sets of ZnO-Ag

the change in band bending, the shift in Fermi energy level (Eg)
takes the major contribution, which again depends on the
dopant characteristics. When the metallic Ag and semiconduct-
ing ZnO species are in contact with each other, the position of
the corresponding Fermi levels of both the species are equili-
brated and as a consequence there is an excess of free electrons
in the new Fermi level of metallic Ag components.®*** Under
such a situation, because the conduction band of the ZnO
species is vacant, the free electrons can tunnel into the con-
duction band that results in a higher valence state of metallic
Ag components resulting in a Schottky junction as illustrated in
Scheme 1. Chernysheva et al. have shown the shift in Fermi
level of ZnO by ~0.04 eV on the Ag/ZnO contact.®® The work
functions for Ag (®y = 4.26 eV) and ZnO (Ps = 5.2 eV) have been
adopted from the reference of Zheng et al.”® where V, defines
the defect level and E, the band gap of the semiconductor layer.
Adsorbates modify the ionization energy and induce a change
in band bending for a perfect Schottky contact (where, ®gp is
the Schottky barrier of the interface), and construct the inter-
face levels, from which the transition can be shown.®® The
change in the ionization energy with the increasing concen-
tration of Ag on ZnO can be expressed as AI = Ay = eNp | (0)/s,,
where, e is the electronic charge, N the number of dipoles and
p1(0) the perpendicular polarisation through the adsorbate
layer. Thus, with the increase in the Ag concentration around
7Zn0O, both of the effects lead to the decrease the difference in
valence and conduction bands. Therefore, with increase in
silver concentration around ZnO, there occurs a successive
red shift in photoluminescence spectra.>>®"°

We have attempted to calculate the distribution of electric
field corresponding to a single silver nanoparticle in the
assemblies through a finite element method. A representative
schematic presentation for the calculation and the corres-
ponding electric field distribution pattern are exhibited in
Fig. 11. Plane polarised electromagnetic waves were passed
through the linear arrangement assuming a concentric spherical
shell around the metallic core (panel a) in the corresponding

Mater. Adv., 2020, 1,2897-2907 | 2905
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Fig. 11 (a) Representative transmission electron micrograph (set B) for
parametric assignment and (b) calculation of electric field corresponding
to single silver nanoparticles in Ag/ZnO microstructures through the finite
element method. Inset in panel (a) shows the polarisation direction of the
incident light.

transmission electron micrograph (set B). The maximum electric
field has been located along the E-field polarisation direction
(y-axis) as shown in the inset. The dielectric constants for ZnO®
and Ag®” were taken as 8.5 and 2.56, respectively in this calcula-
tion. It is observed that the electric field intensity on the outer
ZnO surface is stronger than that of the Ag (panel b). Moreover, it
is noted that the enhanced local field polarises parallel to the
incident polarization and concentrates on the outer surface in the
ZnO shell with the maximum |E?| as ca. 8.4 eV. This can be
ascribed to the presence of plasmonic field of nanostructured
metallic particles to the ZnO shell across the interface. However,
since many metal nanoparticles are embedded in the giant
semiconductor matrix, the exact calculation of electric field
throughout the entire microstructure warrants the modification
of mathematical formulation considering the electromagnetic
coupling effect in adjacent metallic nanostructures which is the
subject of further investigation,'"*%%°

4. Conclusions

In conclusion, we have elucidated the spectral properties due to
interfacial interactions between plasmonic metal nanoparticles
embedded in a giant semiconductor matrix. The reported
synthetic strategy based on colloidal chemistry provides a facile
route to the effective integration of plasmonic metal/semicon-
ductor microstructures under a unified synthetic protocol. It
has been seen that with increase in silver precursor concen-
tration, the ease and specificity of this dual-solvent thermolytic
method provides a rational approach for the synthesis of
diverse microstructures. It has been resolved that the in situ
nucleation and growth of the Ag domains followed by hetero-
geneous nucleation and growth of the ZnO component controls
their spatial arrangement to induce a unique morphology
with dimensions on the microscale. Spectral characterisations
elucidate interfacial electron transfer at the Ag/ZnO interface
in the microstructures. Such heterogeneous microstructures
present not only numerous natural interfaces for integrating
multiple functions but also exhibit a substantial reduction in
the band gap that may lead to the emergence of new properties
and functions. The combination of metal and semiconductor
renders the emergence of complementary optoelectronic properties
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that can be employed in potential technological applications in
physics, chemistry, biology and medicine. Because many metal
nanoparticles are embedded in single giant semiconductor
architecture, these microstructures provide new model systems
for the modification of respective theoretical models with many
body interfacial electron transfer processes. Therefore, the
findings of this research will help in developing a strategy that
is capable of producing micro/nanostructures with the desired
geometric features and specific functionalities.
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