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ARTICLE INFO ABSTRACT
Article history: In the present study we report the influence of shell thickness on fluorescence resonance energy transfer
Received 9 June 2016 between Au/ZnO core-shell nanoparticles and Rhodamine 6G dye by steady-state and time-resolved
Revised 25 August 2016 spectroscopy and rectification behaviours. Au/ZnO core-shell nanoparticles with different shell thickness
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Available online 6 September 2016 were synthesized in aqueous solution by chemically depositing zinc oxide on gold nanoparticles surface.

A pronounced effect on the photoluminescence (PL) intensity and shortening of the decay time of the dye
&5 in presence of Au/ZnO core-shell nanoparticles is observed. The calculated energy transfer efficiencies
Keywords: from dye to Au/ZnO are 62.5%, 79.2%, 53.6% and 46.7% for 1.5 nm, 3 nm, 5 nm and 8 nm thickness of shell,

?;f;r_she“ nanoparticle respectively. Using FRET process, the calculated distances (r) are 117.8, 113.2 A 129.9 A and 136.7 A for
Dye 1.5nm, 3nm, 5nm and 8 nm thick Au/ZnO core-shell nanoparticles, respectively. The distances (d)
Spectroscopy between the donor and acceptor are 71.0, 57.8, 76.2 and 81.6 A for 1.5 nm, 3 nm, 5 nm and 8 nm thick

Rectification core-shell Au/ZnO nanoparticles, respectively, using the efficiency of surface energy transfer (SET). The
current-voltage (I-V) curve of hybrid Au/ZnO clearly exhibits a rectifying nature and represents the
n-type Schottky diode characteristics with a typical turn-on voltage of between 0.6 and 1.3 V. It was
found that the rectifying ratio increases from 20 to 90 with decreasing the thickness of the shell from
5nm to 3 nm and with shell thickness of 8 nm, electrical transport through the core-shell is similar to
what is observed with pure ZnO samples nanoparticles. The results indicated that the Au/ZnO
core-shell nanoparticles with an average shell thickness of 3 nm exhibited the maximum energy transfer
efficiencies (79.2%) and rectification (rectifying ratio 90).
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1. Introduction

The design and architecture of programmable metal-semicon-
ductor nanostructures with excellent optoelectronic properties
from metal and semiconductor building blocks with nanoscale
dimensions have recently been a key aim due to their central roles
in the fabrication of electronic, optical, and optoelectronic nanode-
vices [1]. Metal-semiconductor core-shell nanocomposites have
received significant attention because they provide a new system
with unique and tailored properties which are entirely different
from the physical and chemical properties of metal and semicon-
ductor nanoparticles [2-5]. In addition, the semiconductor shell
can protect the metal core (higher oxidation potentials) from
chemical poisoning as exposed to the surrounding medium [6].
More importantly, the presence of the metal/semiconductor
interface may promote effective charge carrier transfers to favour
charge separation and subsequent photocatalysis [7]. In metal-
coated semiconductor nanoparticles, the charge transfer between
semiconductor and metal nanoparticles can be controlled by the
size-dependent capacitance of metal nanoparticles. In recent years,
important progress has been made in solution-phase synthesis of
core-shell-type Ag/TiO,, Au/TiO,, Au/Sn0O,, Fe,03/Au for potential
applications [5,8-10]. Using the aqueous-phase synthetic method,
Au/SiO, [11-13], Cu,S/Au [14], InAs/Au [15], and Au/CdS [16]
heterojunctions were also acquired.

A significant attention has been paid recently in the field of
quantum dot (QD)-based fluorescence energy transfer to find out
potential applications in the areas of luminescence tagging, imag-
ing, medical diagnostics, multiplexing and most recently as biosen-
sors [17-25]. This interest stems from their tunable electronic
structure, narrow emission and broad excitation spectra and the
large size of QD compared to organic dyes [17]. Recently, metal
nanoparticles based surface energy transfer provides a new para-
digm for design of optical based molecular ruler for long distance
measurement. According to Persson-Lang model, the exact form
of dipole-surface energy transfer rate is given by
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where Tp is the lifetime of the donor in the absence of the acceptor,
d is the distance between the donor and acceptor, and dy is the
characteristic distance at which a dye will display equal probabili-
ties for energy transfer and spontaneous emission. The energy
transfer between dye and Au/ZnO and Au/SnO, core-shell nanopar-
ticles were studied by Patra et al. [26,27]. Banin et al. [28] have
demonstrated the effects of the dimensionality and shape of
Nanoparticles (NPs) acting as donors on the Fluorescence resonance
energy transfer (FRET) to dye molecules chemically conjugated to
the NP surface, acting as multiple acceptors.

To the best of our knowledge, there is no study on the rectifying
nature of Au/ZnO core-shell core-shell nanoparticles. In this study
we will focus on the synthesis of water soluble Au/ZnO core-shell
nanoparticles having different shell thicknesses and investigate
the rectification properties of Au/ZnO core-shell nanoparticles
having different shell thicknesses and propose an approach of
nanocrystal solids through the intra-particle charge transfer. In this
communication, we also study the energy transfer from
Rhodamine 6G dye to such nanoparticles by steady state and
time-resolved spectroscopy. Such Au/ZnO multifunctional
nanoparticles should have great potentials for optical-based
molecular ruler because such core-shell nanoparticle shows high
electronic storage capacity at Au nanoparticle. Au/ZnO core-shell
nanostructure has been chosen as a model system to study cou-
pling effects between strongly confined metal and semiconductor
phases.

2. Result and discussion

Here, water soluble and stable Au/ZnO core-shell nanocompos-
ite having four different shell thicknesses were prepared by using
our previous method with some modifications [26]. For this partic-
ular procedure, Au nanoparticles were about ~7 nm in diameter,
with nearly spherical shape. The detail synthesis procedure of dif-
ferent shell thicknesses Au/ZnO core-shell nanocrystals has been
described in supporting information. The crystallinity of the gold,
ZnO nanoparticles and different shellthickness of Au/ZnO core-
shell nanocomposite were characterized by the powder X-ray
diffraction (XRD) studies. As shown in Fig. 1a, the Au nanoparticles
demonstrate a highly crystalline structure and the peak at 38° is
predominated in the XRD spectra, which is indexed to the metallic
Au (11 1) crystal plane (JCPDS 98-000-0230). From the diffraction
pattern of Au@ZnO core-shell nanoparticles, The diffraction peak at
36° (Fig. 1f) is indexed to (1 0 1) plane and the remaining peaks in
all the specimens are indexed to be hexagonal structure of ZnO
(JCPSD 36-1451). Moreover, the intensities of the peak at 38° for
gold gradually quench and the diffraction peaks for ZnO systemat-
ically enhance observably with the increasing shell-thickness from
1.5 nm to 8 nm, which is consistent with the variation in shell-
thickness of ZnO coated on Au nanoparticles in the Au/ZnO core-
shell nanocomposite nanostructure (see Fig. 1).

Fig. 2a-d reveals a wide view of the TEM images showing the
core-shell type heterostructures, where Au is covered preferably
by ZnO with roughly sphere shape. They could easily assemble
together to form a 2D structure when dropped on the carbon-
supported copper grid with an appropriate concentration. Without
size sorting, the spherical Au/ZnO core-shell nanocrystals obtained
here showed good monodispersity with the existence of well-
resolved lattice planes. The Au/ZnO core-shell nanoparticles
possessed a highly crystalline structure. The low resolution TEM
images of the four different shell-thickness of Au/ZnO core-shell
nanostructure clearly indicate the formation of Au/ZnO core-shell
composite structure. To further confirm the Au/ZnO core-shell
heterostructure; we have studied the high resolution transmission
electron microscope (HRTEM). Fig. 3 shows the typical TEM,
HRTEM and fast Fourier transform (FFT) of the prepared Au/ZnO
core-shell nanoparticles having four different shell thicknesses.
As shown in Fig. 3a and b, Au/ZnO nanostructure images by TEM
and HRTEM confirms 1.5 and 3 nm shell thickness, respectively.
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Fig. 1. Powder X-ray diffraction patterns of (a) Au, (b) Au@ZnO (1.5 nm shell), (c)
Au@ZnO (3 nm shell), (d) Au@ZnO (5 nm shell), (e) Au@ZnO (8 nm shell) and (f) ZnO
nanoparticles.
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Fig. 2. TEM images of Au/ZnO nanostructures with 1.5 nm (a), 3 nm (b), 5 nm (c) and 8 nm (d) shell thickness, respectively.

HRTEM images were analyzed by FFT (Fig. 3c and d). Fig. 3e and f
presents typical TEM and HRTEM image of a single core-shell
structure 8 nm shell thickness Au/ZnO nanostructures where core
Au and shell ZnO areas are marked to achieve the FFT of the
selected area. Fig. 3g and h FFT from core areas and shell areas,
respectively, of the HRTEM image presented in panel f. The dark
contrast of the image is the Au, and the light contrast part is the
Zn0. HRTEM and FFT images confirmed that the cubic (1 1 1) phase
of the Au NPs were coated to the (10 1) plane of the hexagonal
phase of the ZnO. TEM and typical HRTEM images of 5 nm shell
thickness Au/ZnO core-shell heteronanostructures are shown in
Fig. 3i, j and k shows the corresponding d-profile of ZnO shells.
The calculated d-spacing (2.48 A) suggests that the shell atom is
ZnO and it is viewed along [101] direction. So, it is clearly seen
from HRTEM that Au nanoparticle is coated with ZnO and the mea-
sured thickness of the shell are of 1.5 nm, 3 nm 5 nm and 8 nm,
respectively.

The absorption spectra of pure Au and Au/ZnO core-shell
nanoparticles with different thickness of shell are presented in
Fig. 4. The absorption peaks centered at 521, 532, 543 nm,
548 nm and 556 nm are due to plasmon band for pure Au,
1.5 nm, 3 nm, 5 nm and 8 nm thick shell of Au/ZnO nanocomposite,
respectively. The systematic shifting of the plasmonic peak of Au
indicates the formation of Au/ZnO core-shell nanoparticles. Here,
the surface plasmon band of Au are red shifted and the excitonic
peak of ZnO are blue shifted which are consistent with the
formation of four different shell thicknesses Au/ZnO core-shell
nanostructure (plot c-f). Since the Fermi level of Au is more posi-
tive (Er=0.4V vs NHE) than the conduction band energy of ZnO

(Ecg =0V vs NHE at pH 7), the charge transfer from the excited
ZnO to Au nanoparticles would be thermodynamically favorable.
It indicates that more electrons are needed to raise Fermi level
for higher capacitance value. It reveals that the shell thickness of
core-shell nanoparticles controls the charge capacitance value.
Furthermore, the primary ZnO particle size in Au/ZnO core-shell
nanoparticles is smaller compared to pure ZnO NPs, which may
also be one of the reasons behind the blue shift in absorption band
of ZnO in Au/ZnO core-shell nanoparticles [29].

3. Steady state photoluminescence (PL) study

Fig. 5 depicts very good overlapping between the emission
spectrum of aqueous solution of unbound R6G dye (pure) and
the absorption spectrum of Au/ZnO nanoparticles containing R6G
dye solution. The PL peak at 550 nm is due to R6G dye. The
observed PL quenching efficiencies are 66.5% and 85.8% for Au/
ZnO core-shell nanoparticles having 1.5 nm, 3 nm thick shells,
respectively and it is 57.5% and 51.3% for 5 nm and 8 nm shellth-
ickness Au/ZnO core-shell nanoparticles, respectively. The photo-
luminescence quenching of R6G dye in presence of Au/ZnO
composites nanoparticles indicates that the energy transfer
occurred from R6G dye to Au and Au/ZnO composites nanoparti-
cles. To confirm the energy transfer process, we have study the
time-resolved fluorescence spectra of R6G dye. The time-resolved
fluorescence spectra of aqueous solution of pure R6G dye and in
presence of Au/ZnO nanoparticles are shown in Fig. 6. The photolu-
minescence decay of aqueous solution of pure R6G dye (1 uM)
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Fig. 3. (a) TEM images of 1.5 nm shell thickness Au/ZnO nanostructures, (b) HRTEM images of 3 nm shell thickness Au/ZnO core/shell nanostructures (c and d) the
corresponding FFT of Au core and ZnO shell, respectivly. (e) TEM images of 8 nm shell thickness Au/ZnO heteronanostructures, (f) typical HRTEM image where core Au and
shell ZnO areas are marked to achieve the FFT of the selected area. (g and h) FFT from core areas and shell areas, respectively, of the HRTEM image presented in panel f. (i and
j) TEM and typical HRTEM images of 5 nm shell thickness Au/ZnO heteronanostructures and (k) shows the corresponding d-profile of ZnO shells.
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Fig. 4. UV-vis spectra of (a) ZnO (black line), (b) Au nanoparticles (red line), (c)
Au@ZnO (1.5 nm shell, magenta line), (d) Au@ZnO (3 nm shell, cyan line), (e)
Au@ZnO (5nm shell, blue line) and (f) Au@ZnO (8 nm shell green line). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

without Au/ZnO is single exponential and the decay time is 3.91 ns,
which is for unbound dye molecules. However, the fluorescence
decay spectra of dye in presence of Au/ZnO nanoparticles having
different shell thicknesses are fitted by using tri-exponential func-
tion. In presence of 1.5 nm thick shell Au/ZnO nanoparticles, the
decay components of dye are 3.39 ns (25.7%), 0.362 ns (27.1%)
and 93.5 ps (47.2%) and the average decay time is 1.46 ns. A drastic
shortening of life time of R6G dye was observed in presence of Au/
ZnO core-shell nanocomposite of 3 nm thick shell. The decay com-
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Fig. 5. Absorption spectrum of pure Au NPs (a) and photoluminescence (PL) spectra
of (b) Rhodamine 6G dye solution, (c) Au@ZnO (8 nm) core-shell nanoparticle and
R6G, (d) Au@ZnO (5 nm) core-shell nanoparticle and R6G, (e) Au@ZnO (1.5 nm)
core-shell nanoparticle and R6G and (f) Au@ZnO (3 nm) core-shell with R6G.

ponents are 3.16 ns (4.2%), 0.267 ns (41.7%) and 94.2 ps (64.1%)
and the average decay time is 0.872 ns. Again the life time of the
core-shell nanoparticles increases upon increasing the thickness
of shell. In presence of an Au/ZnO core-shell nanocomposite of 5
and 8 nm thick shell nanoparticles, the components of dye are
3.48 (49.6%), 0.41(13.5%), and 98.7 ps (37.1%) and 3.69 ns (53.5%),
0.355 ns (23.1%) and 106.3 ps (23.4), respectively and the average
decay time is 1.96 ns and 2.08 ns, respectively (Table 1). The slow
component is due to unbound dye molecules and fast components
are attributed to bound dye molecules with Au/ZnO nanoparticles.
The shortening of lifetime of dye in presence of Au/ZnO nanoparticles
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Fig. 6. The decay curves of (a) Rhodamine 6G dye solution, (b) R6G with Au@ZnO
(8 nm) core-shell, (c) R6G with Au@ZnO (5 nm) core-shell, (e) R6G with Au@ZnO
(1.5 nm) core-shell and (f) R6G with Au@ZnO (3 nm) core-shell nanoparticles,
respectively.

confirms the energy transfer from dye to Au/ZnO nanoparticles.
The calculated energy transfer efficiencies from dye to nanoparti-
cles are found to be 62.6%, and 79.2% for 1.5 nm and 3 nm thick
shells of Au/ZnO nanocomposite, respectively, which is thickness
dependent but energy transfer from dye to Au/ZnO nanoparticles
again decreases upon increasing the shell thickness and it is
49.8% and 46.7% for 5 nm and 8 nm thick shell Au/ZnO nanoparti-
cles, respectivly. It clearly indicates that transfer efficiencies from
dye to Au/ZnO core-shell nanoparticles is shell-thickness depen-
dendent and increases with increasing the shell thickness and after
getting optimum it decreases with increasing the shell thickness. It
is interesting to note that the non-radiative decay rates are
4.1 x 108, 9.82 x 108, 3.95 x 10® and 3.81 x 108 s~'for Au/ZnO
nanoparticles having thicknesses of 1.5nm, 3 nm, 5nm and
8 nm, respectively (Table 2). More pronounced effect on nonradia-
tive decay rate suggests that the PL quenching of dye is mainly due
to nonradiative decay channel without any significant modification
of the radiative rate which confirms the resonant energy transfer
process from R6G dye molecule to Au/ZnO core-shell nanoparticles
[26].

Both Fluorescence resonance energy transfer (FRET) and surface
energy transfer (SET) methods are used to estimate the distance
between donor and acceptor [30,31]. It is already reported that
FRET based method is restricted [24] on the upper limit of only
80 A because the energy transfer becomes too weak to be useful.
Furthermore, we estimate the distance between donor and accep-
tor by using surface energy transfer (SET) method. We estimate the
d, value by using Persson model [31]

1/4

0.225c3®gy,

do=|—5——7— 2)
a)dyea)ka

where d, is the distance at which a dye will display equal probabil-
ities for energy transfer and spontaneous emission. ¢qye is the

Table 2
Radiative and nonradiative decay rates of R6G dye in presence of Au/ZnO core-shell
nanoparticles having four different shell thicknesses.

System Radiative rate (s™!')  Non-radiative rate (s~!)
Au/ZnO (1.5 nm) + R6G Dye  1.76 x 108 410 x 108
Au/ZnO (3 nm) + R6G Dye 2.20 x 108 9.82 x 10°
Au/ZnO (5 nm) + R6G Dye 1.84 x 108 3.95 x 10°
Au/ZnO (8 nm) + R6G Dye 1.98 x 10° 3.81 x 10®

quantum efficiency of dye, the frequency of the donor electronic
transition (®), and the Fermi frequency (), and Fermi wave vector
(kg) of the metal [26]. The do value was calculated using ¢gye = 0.92,
®=3.6x10"s"1 w=84x10"s7!, and kp=1.2 x 108 cm~!, and
c=3x10"cm s . The calculated dy value is 80.76 A for Au/ZnO
nanoparticles. The distances (d) between the donor and acceptor
are 71.0,57.8,76.2 and 81.6 A for 1.5 nm, 3 nm,5 nm and 8 nm thick
core-shell Au/ZnO nanoparticles, respectively, using the efficiency
of surface energy transfer (SET) which depends on the inverse
fourth power of the distance of separations between donor and
acceptor. As FRET based method is restricted on the upper limit of
only 80 A, therefore, we may suggest that the energy transfer from
dye to Au/ZnO nanoparticles follows surface energy transfer (SET)
process in the present study. The energy transfer process depends
on the shell thickness of Au/ZnO core-shell nanoparticles which is
an important finding in this study.

4. Current-voltage characterisation

Electrical characteristics of different junctions and their compo-
nents were characterized with a Pt/Ir tip of a scanning tunneling
microscope (STM, Nanosurf easyScan2) controller in noncontact
(tunneling) mode under ambient conditions. Here, the tip was
approached till a preset current value (at a particular voltage)
was achieved. A topographic image of the surface was recorded
before current-voltage (I-V) characteristics were measured at dif-
ferent points on the film. Voltage was scanned toward both bias
directions and at different sweep speeds. Hybrid Au/ZnO core-
shell exhibits unique structural characteristics and is an interesting
system to know how electrons behave when they are transported
through a core-shell junction. In order to judge the potentiality
of forming functional devices using these core-shell nanocompos-
ites, we have carried out an electrical study of the core-shell. The
resulting current-voltage (I-V) curve of the device through the
Au/ZnO hybrid core-shell with varying the thickness of the shell
ZnO are shown in Fig. 7. The I-V characteristic curves of were mea-
sured in different point like “A” and “B” for Au@ZnO core-shell
nanostructure of shell thickness 3 nm, are shown in the supporting
information (Fig. S1). The I-V curve clearly exhibits a rectifying nat-
ure and represents the n-type Schottky diode characteristics of
hybrid Au/ZnO (3 nm) with a typical turn-on voltage of between
0.6 and 1.3 V. The I-V characteristics of a junction determine its
working condition governed by the role of charge carriers and
the barrier. Schottky contacts are metal-semiconductor junctions
which are valuable when high speed rectification is required where

Table 1

Time resolved fluorescence quenching studies of Rh6G in presence of Au/ZnO core-shell nanoparticles having four different shell thicknesses.
System by (%) 1% (ps) by (%) T,° (ns) bs (%) 3% (ns) (1) =3 b; 7i (ns) % E (%)
Rh6G dye (1 uM) - - - - 100 3.91 3.91 1.06 -
Au @ZnO (1.5 nm) + Rh6G 47.2 93.5 271 0.362 25.7 3.39 1.46 1.08 62.6
Au @ZnO (3 nm) + Rh6G 64.1 94.2 41.7 0.267 4.2 3.16 0.872 1.09 79.2
Au @ZnO (5 nm) + Rh6G 371 98.7 135 0.410 49.6 3.48 1.96 1.07 53.6
Au @ZnO (8 nm) + Rh6G 234 106.3 23.1 0.355 53.5 3.69 2.08 1.10 46.7

2 +5% (error).
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Fig. 7. 1-V characteristic curves of (a) 1.5 nm (cyan), (b) 3 nm (blue) and (c) 5 nm (red) Au@ZnO core-shell nanostructure of shell thickness of, respectively, and (d) ZnO. I-V
curves were recorded in regions “A” for Au@ZnO core-shell nanostructure of shell thickness 3 nm. (For interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)

as ohmic contacts are useful for non-rectifying operations. It is
known that bulk- metal/ZnO junctions drives current relatively at
higher bias voltage with respect to nano metal/ZnO junctions
[32]. The plots exhibit rectification, with current flow being favor-
able from ZnO to Au ones. It is known that intrinsic ZnO is an n-
type semiconductor with a work function of 4.45 eV and the work
function of Au is 5.1 eV [32]. Thus, a Pt/Ir electrode is made to facil-
itate the electron flow from Au nanocrystals to the ZnO since the
Fermi level of the ZnO nanoparticle is initially lower than that of
the Au metal before the contact was made [27]. This process results
in the formation of an electron depletion region at the surface of Au
nanoparticles that corresponds to a Schottky barrier between the
ZnO nanoparticles and Au Nanoparticles. The curve of pure ZnO
is linear and symmetric, which is in agreement with their expected
intrinsic properties and indicates the contact between nanoparticle
and metal electrode is not responsible for the appreciable rectifica-
tion [33]. The curves of Au/ZnO (1.5 nm shell) junction are highly
nonlinear but slight asymmetric indicating a more metal-like
behaviour. On the other hand, Au/ZnO (3 nm shell) core-shell
intramolecular junction are highly nonlinear and asymmetric,
exhibiting typical diode-like behaviour. When the forward bias
voltage is 0.86V, the current increases abruptly by order of
108 A. The current for the reverse bias condition is of the order
of 1071° A, much lower in magnitude than the threshold voltage
for the forward bias condition. As the thickness of ZnO layer
increases, the curves looks like typical pure ZnO samples (Fig. 7d).
With shell thickness of 8 nm, electrical transport through the core-
shell is similar to what is observed with pure ZnO samples. Stron-
ger contributions to the electrical transport were observed
between the shell thickness of 3 and 5 nm of Au/ZnO hybrid nano-
materials. Thus the rectifying ratio increases from 20 to 90 for Au/
ZnO hybrid systems having 5nm and 3 nm shell thicknesses,
respectively. The high rectification ratio of 90 suggests good recti-
fying characteristics of the 3 nm shell thick Au/ZnO core-shell
nanoparticles intramolecular junctions, providing a high perfor-
mance nanoscale diode. Therefore, we can conclude the rectifying
behaviour of the 3 nm thick shell Au/ZnO nanocomposite should

be attributed to the intrinsic intramolecular junction of the hybrid
nanoparticle.

5. Conclusion

In the present study, we have demonstrated the preparation of
Au/ZnO core-shell nanoparticles with different shell thicknesses.
We have analyzed and confirmed these core-shell nanostructures
using high-resolution transmission electron microscope (HRTEM).
The Au/ZnO core-shell nanoparticles of 3 nm thick shell exhibited
significantly improved rectification performances as compared to
that of pure ZnO NPs as well as other three different thickness
core-shell. The rectifying ratio increases from 20 to 90 for 5 nm
and 3 nm thick shell Au/ZnO hybrid nanocomposite, respectively.
The high rectification ratio of 90 suggests good rectifying charac-
teristics of the 3 nm shell thick Au/ZnO core-shell nanoparticles
intramolecular junctions, providing a high performance nanoscale
diode. The influence of shell thickness on energy transfer from R6G
dye to Au/ZnO core-shell nanoparticles has also been studied. Such
multifunctional nanoparticles should have great potentials for
optical-based molecular rulers and it could pave the way for
designing new electrical device for the application in electrical
diode.
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