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Abstract
Plasmon-exciton coupling is gaining increasing interest for enhancing the performance of
optoelectronic, photonic and photo-catalytic devices. Hereinwe evaluate the interaction of excitons
in zinc oxide tetrapodswith surface plasmons of gold nanostructures with differentmorphologies.
The gold nanostructures are grown in situ onZnO tetrapods bymeans of a photochemical process,
resulting in clean interfaces. Themodification of the synthesis parameters results in different
morphologies, as isolated nanoparticles, nano-domes or nanoparticles aggregates. Plasmon-exciton
interaction is evaluated bymeans of cathodoluminescence spectroscopy andmapping at the
nanoscale. The ZnO excitonic emission is strongly blue-shifted and broadened in close proximity of
the gold nanostructures. This effect is explained by the formation of a Schottky barrier that is strongly
mediated by themorphology ofmetal nanostructures.

Introduction

Exciton–plasmon coupling (plexcitons), arise from the coupling between two types of quasiparticles, plasmons
and excitons and originates from theCoulomb interaction between the dipolemoments of the excitons and the
electromagnetic field of surface plasmons [1–3].

Plexcitons can also be categorized, according to the strength of the coupling, intoweak and strong
interaction regimes [4, 5]. In theweak coupling regime, thewave functions of excitons and plasmons are
unperturbed, resulting in the enhanced absorption cross-section [6, 7], increased radiative emissions [7, 8], and
exciton–plasmon energy transfers [9, 10]. The strong coupling occurs when the strength of the plasmon–exciton
interaction becomes dominant with respect to the damping dissipation in the system [4].

The interaction of localized surface plasmon resonance (LSPR) ofmetal nanostructures and excitons has
been employed to enhanced the optical [11–15] and photonic[16, 17] performances of devices based on different
class ofmaterials and nanostructures.

In case ofmetal oxide nanostructures coupledwithmetal nanostructures,multiple applications, as SERS
bio-sensing [18], chemo-sensing of hazardous species [19], H2 production [20], UV or near infrared photo-
detection [21, 22] and photovoltaics [23, 24] have taken advantage of the plexcitonic properties.

In this workwe investigate the plasmon-exciton interaction in ZnO tetrapods coupledwith gold
nanostructures with differentmorphologies. Tominimize artifacts at themetal/semiconductor interface, the
in situ photochemical nucleation/growth has been employed. This approach allows to obtain gold
nanostructures with differentmorphologies, to avoid the use of surfactants or of shape controllingmolecules
and, overall, to obtain clean interfaces. The interaction between the gold nanostructures plasmon andZnO
exciton is evaluated by cathodoluminescence spectroscopy andmapping, carried out at the nanoscale, in a
transmission electronmicroscope. The ZnO excitonicUV emission is strongly blue-shifted and broadened in
close proximity of the gold nanostructures and the plasmon light emission is funneled. This effect can be
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explained considering an energy transfer fromZnO to gold nanostructures that is stronglymediated by the
effective contact surface of themetal nanostructures, possibly due to the formation of a localized Schottky
barrier.

Experimental

ZincOxide tetrapods (ZnOTP) growth takes advantage of a continuous reaction in a tubular furnace as
described elsewhere [25], and up to a few grams of these nanostructures can be obtained in a laboratory scale
reactor. The four branches are generally single crystals, growing along the 001 crystallographic direction (the
polar axis of thewurtzite structure), and occasionally present zinc blende inclusions [26]. The decoration of ZnO
TPwith gold nanostructures is based on amodification of a previously reported procedure [18, 27]. Briefly, 10
mg of ZnOTP are added to a 250ml Erlenmeyer flask together with 100ml isopropyl alcohol (IPA) and
sonicated until an homogeneous dispersion is obtained. The resultingmixture is transferred to a 150ml becher
and proper aliquots of theHAuCl4 precursor dissolved inmethanol are injected upon illumination (150W
OsramSolar Simulator lamp) depending of the desired Aumorphology:

1. Synthesis of Au nanoparticles (AuNPs): an aliquot consisting of 100 ul of a 0.02% (w/w) solution ofHAuCl4
inmethanol, is added to the ZnOTPmixture every 10 min, for 20 times.

2. Synthesis of Au nano-domes (AuNDs): an aliquot consisting of 100 ul of a 0.5% (w/w) solution of HAuCl4
inmethanol, is added to the ZnOTPmixture every 10 min, for 20 times.

3. Synthesis of Au nanoparticles aggregates (AuNAs): 2 ml of a 0.5% (w/w) solution of HAuCl4 inmethanol is
added all at once to the ZnOTPmixture.

Room-temperature photoluminescence investigation is carried out using a custom-built, far-field
epifluorescence apparatus using a 266 nm laser as the excitation source. The excitation laser was focused by a
microscope objective (numerical aperture 0.65) to a 30 μmspot onZnOnanostructures dispersed onto a carbon
tapefilm. Photoluminescence spectra is recorded through a 300mmspectrometer (150 linesmm−1 grating)
using a liquid-nitrogen-cooled CCD (charge-coupled device)detector [28].

STEM-CLmeasurements were carried out on a JEOL JEM-2011 equippedwith a commercial Gatan
MonoCL3 system [29, 30] at an accelerating voltage of 120 keV and a spot size of 1.5 nm. The STEM-CL spectra
of different samples under analysis were acquired at the samemagnification (200 k) and beam current (3 nA).

In order to obtain the size distribution, wemeasured 243 nanoparticles, 157 nanodomes and 137
nanoaggregates from the STEM images.

Results and discussion

Figure 1(a) resumes the photochemical approach for the synthesis of gold nanostructures of gold nanostructure
with differentmorphologies. TheAu particles were synthesized taking advantage of the in situ photo-reduction
of a gold precursor (HAuCl4) onZnOTP,without the need of any capping or reducing agents (details are
provided in themethods section).

Different gold nanostructures can be obtained by varying the localHAuCl4 supersaturation over time, such
as AuNPs, AuNDs or AuNAs.

The differentmorphology of the obtained gold nanostructures can be explainedwithin the context of the
classical LaMer theory of nucleation: going from lower to higherHAuCl4 concentrations increases the local
supersaturation to a point where the nucleation and growth stages are no longer separated in time, in this case a
homogenous nucleation of Au nuclei onto pre-existing ones’ is taking place, leading to gold clustering/nano-
aggregates (AuNAs).

Although a quantitative assessment of the influence of local Au3+ supersaturation is beyond the scope of the
manuscript, a few considerations on the gold nucleation/growth can be deduced. The proposed photo-induced
reduction of gold cations is not an equilibrium (i.e. thermodynamic)process: the fast nucleation rate invariably
leads to (almost) spherical nuclei (as in the case of AuNP) and not to the equilibrium shapes predicted by the
classicalWullf’s construction [31] (i.e.minimumenergy polyhedron).

Such kinetically limited growth could lead to aflattening of bigger Au particles (e.g. AuNDs), likely due to the
nucleation of nanocrystals at ZnO surface reconstruction sites during the early stages of growth, similarly to
whatwas previously observed for the AuNPonTiO2 [32].

Interestingly by further increasing the gold precursor concentration, it leads to anisotropic Au nano-
aggregates (AuNA). Having such structures usually requires seed-mediated growths, co-doping (e.g. Ag+ ions)
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[33, 34] and shape controlling agents (e.g. CTAB, PVP) [35, 36] since the highly symmetric, face-centred cubic
(fcc) structure favors the formation of platonic polyhedral as equilibrium shape. Figure 1(b) shows the
photoluminescence (PL) spectra of the ZnOTPs coupledwith the different gold nanostructures. The PL analysis
reports the excitonic near-band-edge emission (NBE) of ZnO, peaked at 3.21 eV (386.3 nm) in case of bare TPs
(red line) [28]. Themain effect of the couplingwith gold nanostructures with differentmorphologies is a clear
blue-shift and a quenching of theNBE emission of ZnO. In particular, as resumed infigure 1(c), the ZnONBE
emissionwhen coupledwithAuNPs is peaked at 3.21 eV (386.3 nm), similarly to bare TPS, and the integrated
intensity is 96%of the bare ZnOTPs; the blue-shift (0.008 eV) and quenching (86%with respect to the bare TPs
emission) are enhanced in case of the couplingwithAuNDs, and they aremaximizedwhen the ZnOTPs are
coupledwith AuNAs, with a blue shift of 0.025 eV and an intensity of 35%of the bare TPsNBE emission. A
similar effect was previously reported in case of gold nanoparticles assisted synthesis of ZnOnanowires [28]. It is
worth noting that the PL spectra of all the TP, both bare and coupledwithmetal nanostructures, do not present
any light emission in the visible range, related to ZnOpoint-defects or to localized surface plasmon resonance
(LSPR) ofmetal nanostructures. (See supporting Information Figure S1 (available online at stacks.iop.org/
NANOX/2/014004/mmedia)).

Figure 2 presents the STEM-CL analysis of the bare ZnOTP. In particular figures 2(a) and (b) present the
STEM image and the STEM-CL panchromaticmap of a single TP. The three TP branches on the same plane
present a similar CL emission intensity;meanwhile the vertical branch presents an enhanced emission due to
vertical orientation of the branch, therefore an artifact due to the geometry of the tetrapod and of theCL
acquisitionmirror. It is worth noting that the core of the TP presents a faint emission, related to the non-
radiative recombination at extended defects like stacking faults (SFs) at the boundaries between the arms
(wurtzite/wurtzite interface with a twin relationship [37]which can cause the quenching of theNBE emission of

Figure 1. (a) Schematic of the direct synthesis of gold nanostructure onto ZnO tetrapods surface bymeans of a photocatalytic
approach (b)Photoluminescence spectra of bare (red line), AuNPs functionalized (green line), AuNDs functionalized (blue line),
AuNAs functionalized (magenta line)ZnOTPs, respectively. (c) evolution of the peak position (black symbols) and integrated
intensity (red symbols) for the ZnONBE emission in case of couplingwith different gold nanostructures.
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ZnO. TheCL spectrumof the single TP, (figure 2(c)) presents a single peak at 3.20 eV (387 nm) due to the
excitonicNBE emission of ZnO. It is worth noting that in bare TP presents aweak emission at 2.42 eV (512 nm)
related to the presence of point defects in ZnO. The point defect related emission in ZnOnanostructures are
often attributed either toOor Zn vacancy [38–40].

The highmagnification STEM image reveals the presence of the extended defects in the TP core and at the
interface between the core and branch, as linewith a bright contrast, highlighted by black arrows infigure 2(d).
The STEM-CL panchromaticmap of the same region (figure 2(e)) evaluates the spatial extent of the light
emission quenching due to the presence of the extended defects. The light emission quenching spatial extend is

Figure 2. (a) and (b) STEM image and panchromatic CLmap of bare ZnO tetrapods, respectively (c)CL spectra of bare ZnO tetrapods
(d) and (e)Highmagnification STEM image and panchromatic CLmap of TP core, revealing the presence of extended defects at the
base of TP branches.
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about 200 nmalong the branch of the TP. A previouswork [41] assessed that the TP core can have a zinc blend
crystal structure. An accurate comparison ofHR-TEM imaging andCLmonochromaticmapping of the core
structure of TPs revealed the presence of basal-plane SFs and/or twin boundaries (TBs) responsible for
nonradiative CL lines [26]. CL spectra of the upper branch, lateral branch andTP core are reported infigure S2
of the Supporting Information.

The STEM image and the STEM-CLmap of AuNPs coupled ZnOTP are reported infigures 3(a) and (b),
respectively. The STEM image reveals the presence of AuNPswith different diameter ranging from20nmup to
70 nm in case of small aggregates. TheNPs size distribution is resumed in the histogram reported infigure 3(c).
The STEM-CL panchromaticmap presents homogeneous light emission intensity along the TP branch. It is
worth noting the presence of a faint emission in correspondence of theAuNPs. In order to evaluate the possible
decrease of the intensity of the ZnONBE emission related to the round shape of the tetrapod branch, spot-mode
CL spectra have been acquired on the center (grey line) and close to the bare surface of the TP (light green line).
TheNBE emission is peaked at the same energy and the intensity is slightly decreased (93%)with respect to the
spectrum acquired at the center of the branch. The spot-modeCL spectra, acquired in proximity of a gold
nanoparticle (dark green line and arrow infigure 3(a)) and on a nanoparticle-free area close to the surface (light
green line and arrow infigure 3(a)), reveals that theNBE emission is blue shifted of 0.135 eV. In fact, theNBE
emission inNPs free ZnO is set at 3.20 eV (387 nm) and it blue shifts up to 3.335 eV (372 nm)when the spectrum
is acquired close to themetal nanostructure. The ZnONBE emission in proximity of the AuNPpresents also a
quenching of the 50%of the integrated intensity and a broadening of the FWHMfrom0.24 eV up to 0.31 eV.
Further, the CL spectrumobtained in close proximity to theAuNP shows a broad band at 2.41 eV (514.5 nm)
attributable to the localized plasmon resonance of themetal nanostructures. The spectrum acquired onto the
gold nanoparticles (yellow-green line and arrow) presents aweak emission centered at 2.41 eV. (514 nm)

The STEM image and the STEM-CLmap of AuNDs coupled ZnOTP are presents infigures 4(a) and (b),
respectively. The size of the gold nanodomes can be evaluated by STEM imaging, with a diameter at the base
varying from35nmup to 110 nmandwith a height ranging from12 nm to 83 nm. It is worth noting that the
dark contrast in STEM imaging of nanodomes is due to the low electron transparency related to the

Figure 3. (a) and (b) STEM image and panchromatic CLmap of gold nano-particles coupled ZnO tetrapods, respectively (c)AuNPs
size distribution obtained by the STEM imaging (d) spot-mode CL spectra of the areas indicated by the colored arrows in panel a
(spectra and arrows have the same color code). The spectra acquired on theAuNP ismultiplied by 5 for clarity.
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nanostructures sizing and chemical composition. TheNDs diameter and height distribution is resumed in the
histogram reported infigures 4(c) and (d). The STEM-CL panchromaticmap presents homogeneous light
emission intensity in bare areas;meanwhile the light emission is quenched in proximity of the gold nanodomes.
TheAuNDs present amore intense light emission in comparisonwith gold nanoparticles. Infigure 4(e) the spot-
modeCL spectra are reportedwith the same color code of the arrows infigure 4(a). TheNBE intensity decrease
due to the round shape of the branch is evaluated collecting spot-modeCL spectra on the center (gray line) and
on the bare surface (blue line) of the TP. The comparison shows an intensity decrease of the 64%,while being
peaked at the same energy. TheCL spectra obtained in proximity of a gold nanodome (dark cyan line) and in a
bare surface area (blue line), shows that the ZnONBE emission presents a quite complete quenching (95%

Figure 4. (a) and (b) STEM image and panchromatic CLmap of gold nanodomes coupled ZnO tetrapods, respectively (c), (d)AuNDs
diameter and height distributions obtained by the STEM imaging, respectively (e) spot-modeCL spectra of the areas indicated by the
colored arrows in panel (spectra and arrows have the same color code).
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compared to the bare surface area)with a concurrent broadening (fromFWHM=0.24 eV up to 0.28 eV) and
blue shift of 0.17 eV. In fact, theNBE emission in bare ZnO is peaked at 3.20 eV (387 nm) and it blue-shifts up to
3.37 eV (368 nm)when the spectrum is collected close to themetal nanostructure. The broad emission peaked
2.44 eV (508 nm) is due to the localized plasmon resonance of the gold nanodomes. Noteworthy, the CL
spectrum collected onto the AuNDpresents a blue-shifted emissionwith similar FWHM.The emission is
peaked at 2.55 eV (486 nm). The blue-shift of the LSPR is probably due to the smaller size of the gold nanodomes
at the tipwhere the spectrum is collected [42].

Figures 5(a) and (b) shows the STEM image and the STEM-CLmap of ZnOTP coupledwith AuNAs,
respectively. As in the case of gold nanodomes, also the nano aggregates of nanoparticles have a dark STEM
contrast due to the size of the nanostructures. The STEM imaging also shows the coexistence of nano-aggregates
with nano-domes. The STEMpanchromatic CLmap reveals that the light emission is homogeneous along the
TP branch, except for the areas close to the nanoaggregates, where the luminescence is slightly quenched. The
nanoaggregates present a faint luminescence. The distributions of the nano-aggregates diameter and height are

Figure 5. (a) and (b) STEM image and panchromatic CLmap of gold nano-aggregates coupled ZnO tetrapods, respectively (c), (d)
AuNAs diameter and height distributions obtained by the STEM imaging, respectively (e) spot-mode CL spectra of the areas indicated
by the colored arrows in panel (spectra and arrows have the same color code).
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reported infigures 5(c) and (d), respectively. TheAu-NAdiameter varies from30nanometers up to 320 nm,
meanwhile the height ranges from80nmup to 320 nm. The comparison of the spot-modeCL spectra collected
on the branch center (gray line) and close to the branch surface (magenta line) reveals an intensity decrease of the
ZnONBE emission, namely 57%, due to the round shape of the TP,while the peaks is centered at the same
energy. The spot-modeCL spectrumobtained in bare surface (magenta line) presents the ZnONBEpeak at 3.20
eV (387 eV)with a FWHMof 0.24 eV,meanwhile the spectrum, acquired in close proximity of the Au-NA
(purple line), presents two peaks: the first is positioned at 2.54 eV (488 nm), related to the localized plasmon
resonance of themetal nanostructures, the second peak, attributed to ZnONBE, is centered at 3.39 eV (365.8
nm)with a FWHMof 0.275 eV. The proximity to the gold nanoaggregates causes a blue shift of the ZnONBE
emission of 0.19 eV, a broadening of 0.035 eV and the quenching of the 90%of the integrated intensity in
comparisonwith the peak obtained in the bare ZnO area. The spot-modeCL spectrum collected on the gold
nano-aggregate (pink line) presents an emission related to the LSPR, centered at 2.56 eV (484 nm).

Figure 6 depicts the effect of the coupling ofmetal nanostructures with ZnO tetrapod. Thefirst step sketches
the formation a localized Schottky barrier due to the gold nanostructures coupling, as reported in previous
works [24, 43–45]. The darker shadow area below the gold nanostructure represents the depletion region caused
by the Schottky barrier. The presence of the depletion region is demonstrated by the decrease of the
panchromatic emission in close proximity of AuNDs andAuNAs in STEM-CLmaps (figures 4(b) and (b)). Step
2 represents the electron excitation during STEM-CL experiments with the concurrent promotion of electrons
toward higher conduction band states. Step three represents the thermalization and light emission processes.
Part of the generated electrons is driven toward the gold nanostructures, funneling the light emission of the
LSPR, while part of the electrons thermalizes toward theminimumof the ZnO conduction band resulting in the
NBE emission of ZnO.However, the ZnONBEblue-shift suggests the existence of a direct electromagnetic
interaction between gold nanostructures and the ZnOTP. In particular, the blue-shift ofNBE emission inAuNP
coupled ZnOnanostructures was previously attributed to the decreasing in the lifetime of the ZnO excitons due
to the direct interactionwith gold nanostructures LSPR, which does not permit to reach potentialminima
[13, 27, 46].

It is worth noting that theUV (266 nm, 4.66 eV) excited PL experiments demonstrate that the effect of the
metal nanostructures coupling on theNBE emission of ZnOTPs is similar to theCL spectra acquired close to the
metal nanostructures except for the funneling of the LSPR emission [28]. This effect is probably due to the lower
excitation density of PL experiments compared toCL experiments.

However, we can differentiate the effect of the gold nanostructures depending on the size andmorphology.
We consider three different effects occurring to the ZnO excitonicNBE emission: (i) the integrated intensity
quenching, (ii) the broadening of the emission peak and (iii) the blue-shift ofNBE emission. The luminescence
quenching ismaximized in the case of AuNDswith 97%and it reaches the 90% for AuNAsmeanwhile in the
case of single gold nanoparticles the quenching is limited to the 53%.The broadening of theNBE emission is
maximum in case of AuNP (0.07 eV) and it decreasesmonotonically in case of AuNDs (0.04 eV) andAuNAs

Figure 6. Sketch of the effect of themetal nanostructure couplingwith ZnOTP. Step 1: the formation of a localized Schottky barrier
between gold andZnOwith related depletion region (dark shadow) ; step 2 the electron irradiation creates electron-hole couples
where the electrons are excited in higher conduction band states of ZnO; step 3: thermalization process, part of the electrons are driven
toward themetal nanostructures funneling the light emission of the localized surface plasmon, while part of the electrons thermalize
in the conduction band of ZnO.
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(0.035 eV). On the contrary the blue-shift of the ZnONBE emission increasesmonotonically from0.135 eV in
case of AuNPs up to 0.275 eV for AuNAs, with an intermediate value of 0.17 eV for AuNDs. Even if the AuNAs
have larger size in comparisonwith AuNDs, the quenching ismaximized in this latter case; this effect is probably
dominated by the efficient interface between gold andZnO. In fact, the AuNDs have a larger clear interface in
comparisonwith the AuNAs due to amore discontinuous interface with ZnO caused by the polycrystalline
nature of the nanostructure. On the contrary, the blue shift of theUV emission ismaximized in case of the
couplingwith theAuNAs; this effect seems to bemore dominated by the overall size of themetal nanostructures
probably due to the larger amount/thickness of gold deposited on the ZnO surface.

Conclusions

The interaction of excitons in zinc oxide tetrapods with surface plasmons of gold nanostructures—with
differentmorphologies—has been evaluated by nanoscale cathodoluminescence. The gold nanostructures are
grown in situ onZnO tetrapods bymeans of a photochemical process that does not rely on any cappingmolecule
to provide dimensional control, thus resulting in clean interfaces. Themodification of the synthesis parameters
allows to obtain isolated nanoparticles, nano-domes or nanoparticles aggregates. Plasmon-exciton interaction is
evaluated bymeans of cathodoluminescence spectroscopy andmapping at the nanoscale. The ZnO excitonic
emission is strongly affected by the proximity to the gold nanostructures, with a consequent quenching of the
integrated intensity, a broadening and a blue-shift of UV the near-band-edge emission, with a concurrent
funneling of the LSPR emission. This effect is due to the formation of a Schottky barrier between the gold
nanostructures andZnO. Themodification of the ZnOUVemission is strongly dependent on the gold
nanostructuresmorphology. TheNBEUVblue-shift ismaximized in case of couplingwith gold nano-
aggregates,meanwhile the couplingwith nano-domes enhances the integrated intensity quenchingwhich is
stronglymediated by the effective interface between themetal nanostructures and the ZnO surface as a result of
the formation of a Schottky barrier.
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