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ABSTRACT: We investigated the strong coupling between the
excitons of ZnO nanowires (NWs) and the localized surface
plasmons (LSPs) of individual Ag nanoparticles (NPs) by
monochromated electron energy loss spectroscopy (EELS) in an
aberration-corrected scanning transmission electron microscopy
(STEM) instrument. The EELS results confirmed that the
hybridization of the ZnO exciton with the LSPs of the Ag NP
created two plexcitons: the lower branch plexcitons (LPs) with a
symmetrical dipole distribution and the upper branch plexcitons
(UPs) with an antisymmetrical dipole distribution. The spatial
maps of the LP and UP excitations reveal the nature of the LSP−
exciton interactions. With decreasing size of the Ag NP the peak
energies of the LPs and UPs showed a blue-shift and an
anticrossing behavior at the ZnO exciton energy was observed.
The coupled oscillator model explains the dispersion curve of the plexcitons and a Rabi splitting energy of ∼170 meV was
deduced. The high spatial and energy resolution STEM-EELS approach demonstrated in this work is general and can be
extended to study the various coupling interactions of a plethora of metal−semiconductor nanocomposite systems.

KEYWORDS: STEM-EELS, plasmonics, excitons, strong coupling, silver nanoparticle, ZnO nanowire

Nanoscale composites of metallic nanoparticles (NPs) and
semiconductor nanostructures provide unique properties

and have been intensively investigated.1−13 The complementary
optical properties of the composite heterostructures,8 the long-
lived excitons in semiconductors, and the localized electro-
magnetic modes in metal NPs make it possible to design
specific optical responses and to explore new phenomena as a
consequence of exciton−plasmon coupling.3,14−19 For example,
interactions between excitons of a semiconductor nanostructure
and the surface plasmons of a metal NP can occur when the
semiconductor and metal nanostructures are placed in close
proximity such as in a semiconductor−metal nanocomposite.
Exciton−plasmon coupling, which originates from the
Coulomb interaction between the dipole moments of the
excitons and the electromagnetic field of the surface
plasmons,8,9 can be divided into two regimes: (1) weak
coupling and (2) strong coupling. In the weak coupling regime,
the wave functions of the excitons and plasmons are
unperturbed, and the enhanced absorption cross-section,20,21

increased radiative emissions,21,22 and exciton−plasmon energy
transfers23,24 have been investigated. The strong coupling
occurs when the strength of the plasmon−exciton interaction

becomes dominant with respect to the damping dissipation in
the system.8 In this regime, the excitation modes of the
plasmonic and excitonic systems are hybridized and such
hybridization significantly modifies their dispersion properties,
leading to the formation of plexcitons, which possess an
anticrossing behavior in their energy dispersion curves and an
energy gap defined by the Rabi energy splitting.6,14,25 The
plexcitons possess unique properties different from those of the
semiconductor excitons and the metal plasmons. Fundamental
understanding of the plexcitons of nanocomposite systems may
open new routes to designing novel optical and optoelectronic
devices with desirable properties and provide new insights into
the understanding of photovoltaic and photocatalytic systems.
Exciton−plasmon coupling in organic and inorganic systems

with metallic structures have been intensely studied by optical
measurements.20,25−32 We report here, for the first time, the
investigation of the strong coupling between excitons of ZnO
nanowires (NWs) and the localized surface plasmons (LSPs) of
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individual Ag NPs by ultrahigh energy-resolution electron
energy loss spectroscopy (EELS) in a monochromated and
aberration-corrected scanning transmission electron micros-
copy (STEM) instrument. Zinc oxide, which possesses a wide
direct band gap (Eg = 3.3 eV at 300 K) and a large exciton
binding energy (60 meV), has broad applications in many
fields, especially optoelectronic devices or systems.33−37 The
giant enhancement of light emission in the coupled Ag/ZnO
and Au/ZnO nanocomposites has been reported, and the
enhancement is attributed to the exciton−plasmon cou-
pling.38−44 However, most of the coupling examples of
metal/ZnO heterostructures, reported in the open literature,
suffer from a large energy separation between the energy of the
metal surface plasmon and the near-UV band gap of ZnO.27

Nanostructures of Ag, with its low intrinsic losses, narrow
surface plasmon resonances, high oscillator strengths, and large
optical field enhancements are ideal for studying the surface
plasmon related phenomena. Recent experiments demonstrated
that, when the size of an Ag NP decreases to nanometer scale,
the energy of their LSPs shows a blue-shift toward the UV
region.45,46 Therefore, we hypothesized that, by decreasing the
size of the Ag NPs, we can tune the energy of the Ag LSPs to
closely match the energy of the ZnO excitons, and
consequently strong coupling between the ZnO excitons and
the LSPs of the Ag NPs should occur provided that the Ag NP
is located in close proximity to a ZnO nanostructure.
With the ultrahigh energy resolution achievable (∼9 meV) in

a new monochromated and aberration-corrected STEM
instrument (Nion UltraSTEM100MC-HERMES),47 we ob-
served the formation of two new plexcitons (labeled as lower
branch plexciton (LP) and upper branch plexciton (UP)) as a
result of strong coupling between a ZnO NW and an Ag NP
which was attached to the ZnO NW. By using the spectrum
imaging technique, spatial distributions of the new excitation
modes can be readily obtained.48 We found that by tuning the
size of the Ag NPs from ∼40 nm to ∼4 nm in diameter, a
significant blue-shift of both the LP and UP with an
anticrossing behavior at the ZnO exciton energy was observed.
The size-dependent behavior of the plexcitons originates from
the size dependence of the energy of the Ag LSPs. By invoking
a simple coupled oscillator model to describe the plexcitons and
fitting the calculations to experimental data, the coupling
strength was estimated, and a Rabi splitting of ∼170 meV was
obtained.
Figure 1a shows a low-magnification high-angle annular dark-

field (HAADF) STEM image of the Ag/ZnO NW nano-
composite system, clearly revealing the spatial configurations of
the deposited Ag NPs and the ZnO NWs. Figure S1 shows a
schematic diagram illustrating the synthesis processes of the
Ag/ZnO nanocomposites and Figure S2 shows more HAADF-
STEM images of the Ag NPs attached to the ZnO NWs.
Detailed descriptions of the sample preparation methods are
described in the Supporting Information. Figure 1b displays the
EELS spectra acquired at two different locations from the Ag/
ZnO NW shown in Figure 1c: At the outer edge of the Ag NP
(P1 position) and near the interface between the Ag NP and
the ZnO NW (P2 position). The size of the Ag NP is
approximately 14 nm in diameter. Two main peaks, at 3.26 and
3.49 eV, can be identified. On the other hand, the EELS
spectrum obtained from the isolated Ag NP with a similar size
reveals a broad surface plasmon peak around 3.33 eV and a
sharp bulk plasmon peak at 3.80 eV (blue curve in Figure 1d).
Figure S3 provides more EELS spectra obtained at the different

locations of the isolated Ag NP with a prominent broad surface
plasmon peak centered at 3.48 eV. Our results agree with the
report that the main surface plasmon mode in the isolated small
Ag NPs (<30 nm) is the dipole mode.45,46,49 Although it has
been reported that multipole plasmons can be observed in
encapsulated Ag NPs,50 the high-order surface plasmon modes
in small NPs are usually weak and were not detected in our
experiments. The blue-shift from 3.33 eV of the 14 nm Ag NP
(Figure 1d) to 3.48 eV of the 10 nm Ag NP (Figure S3) clearly
manifests the size-dependence of the energy of the Ag LSPs.
The blue-shift of the LSP resonance energy with decreasing size
of the Ag NPs has been experimentally observed.45,46 However,
the origin of such change of resonance energy with decreasing
size is still not completely understood. Furthermore, Figure 1d
clearly reveals a relatively sharp bulk plasmon peak and a broad
LSP peak of small Ag NPs. Various factors could contribute to
the peak broadening: nonspherical geometry, surface electronic
states, effect of substrate or surface coatings, quantum
confinement, etc. Further defined and systematic research is
needed to understand the peak broadening of small metallic
NPs.
The EELS spectrum obtained from a pure ZnO NW is

displayed in Figure 1d (the red curve) for comparison.
Although ZnO is a direct band gap semiconductor, the
expected (E − Eg)

1/2 shape of the band edge51 was not
observed. This is most probably caused by the band gap overlap
with the ZnO exciton energy at approximately 3.43 eV.
The two new peaks at 3.26 and 3.49 eV (Figure 1b) observed

in the Ag/ZnO composite system must originate from the
interaction between the Ag NP and the ZnO NW, a
manifestation of strong coupling between the Ag LSPs and
the ZnO excitons. The Ag/ZnO NWs were supported by lacey
carbon film, and both the Ag NP and the ZnO NW shown in
Figure 1c were hanging in vacuum. Therefore, the Ag NP was
only in contact with the ZnO NW. The hybridization between

Figure 1. (a) HAADF-STEM image shows the configuration of the
Ag/ZnO NW nanocomposite system; (b) EELS spectra of the Ag/
ZnO NW obtained from two different positions (P1 and P2 in panel
c); (c) HAADF-STEM image of an Ag/ZnO NW with the size of the
Ag NP ∼ 14 nm; (d) EELS spectra obtained from an isolated Ag NP
shown in panel e (blue curve) and from a pure ZnO NW (red curve);
and (e) HAADF-STEM image of an isolated Ag NP with a size of ∼14
nm. The filled circles in c and e correspond to the positions where the
EELS spectra were obtained. The dotted vertical black line indicates
the peak position of the ZnO excitons, and the dotted red line
indicates the peak position of the upper plexciton.
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the Ag LSPs and the ZnO excitons created two new modes,
which were defined earlier as UP and LP, respectively. The
energies of these two plexcitons can be estimated by a simple
coupled oscillator model and are given by14,16,26,52

= + ± Ω + −E E E E E
1
2

[ 4 ( ) ]UP,LP ex pl 0
2

ex pl
2

(1)

in which Eex and Epl are the corresponding energies of the
excitons and the LSPs, respectively, and Ω0 is defined as the
coupling energy between the Ag LSPs and the ZnO excitons.
We assign the experimentally obtained peak at 3.49 eV to the
UP and the peak at 3.26 to the LP, respectively.
Another important feature observed in the Ag/ZnO NW is

that the relative intensities of the LP and UP peaks vary with
the location of the incident electron probe. As shown in Figure
1b, both peaks have high intensity at the P1 position. But when
the electron beam was positioned at the interfacial region of P2,
the UP peak is much stronger than the LP peak, suggesting that
the excitation of the hybridized LP and UP is spatially
distinguishable. The Ag NP shown in Figure 2a is ∼20 nm in
diameter. The spectrum no. 1 shown in Figure 2b was acquired
from a position on the ZnO NW with a large distance away
from the Ag NP (P1 in Figure 2a) so that the interaction
between the Ag NP and the ZnO NW can be negligible. This
spectrum shows similar features with those of the bare ZnO (cf.
Figure 1c) with the exciton peak at 3.43 eV. Spectra nos. 2−6

were acquired across the Ag NP, from the outer edge (P2) into
the ZnO NW (P6), and spectra nos. 7 and 8 were both
obtained on the edges of the Ag NP, but the spectrum no. 7
was obtained from a location very close to the Ag/ZnO
interface. Although each spectrum is dominated by different
peaks, overall four peaks can be identified: 2.79, 3.21, 3.47, and
3.79 eV. The peaks at 3.21 and 3.47 eV correspond to the LP
and UP hybridization modes. The peak at 3.79 eV, revealed
clearly in the spectra no. 3, 4, and 5, is the bulk plasmon peak of
Ag. The 2.79 eV peak reflects the excitation of the interface
plasmon of the Ag/ZnO system. When the electron beam was
scanned from P2 to P6, the relative intensities of the LP and
UP changed; the UP peak decreased slightly, while the LP peak
dropped drastically. When the beam was placed near the ZnO
NW (P5), the LP peak almost disappeared. However, after the
electron beam was positioned on the ZnO NW (P6), both the
LP and UP modes were excited again. When the electron beam
was scanned along the perimeter of the Ag NP (P2 → P8 →
P7), similar variations of the relative intensities of the UP and
LP peaks were observed (see spectrum nos. 2, 7, and 8).
Figure 2c−f shows the spatial excitations of the four main

peaks discussed above. These maps were obtained by
integrating the peak intensity with an energy window of 0.1
eV. Figure 2c−d reveal the excitation of the interface and bulk
plasmons, respectively. Figure 2e and f shows, respectively, the
spatial excitation of the LP and UP modes. Note that the LP is

Figure 2. HAADF-STEM image of an Ag/ZnO NW (a) shows the configuration of the Ag NP with respect to the ZnO NW. The filled circles
indicate the locations where the corresponding spectra (b) were collected. The EELS maps shown in c, d, e, and f were obtained from the region
indicated by the dotted white rectangle in panel a. (b) A series of EELS spectra collected by positioning the electron probe at the various locations
shown in a. The dotted vertical black line indicates the peak position of the ZnO exciton and the dotted vertical red line indicates the shifted peak
position in the Ag/ZnO system. (c, d, e, f) EELS maps of the peaks at 2.79. 3.79, 3.21, and 3.47 eV, respectively. (g) Schematic drawing of the
proposed model of the hybridization of ZnO excitons with the LSPs of the Ag NP.
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only excited at the outer edge of the Ag NP, while the UP can
be uniformly excited on the surfaces of the Ag NP. These
excitation maps are similar to those of the symmetric bright and
antisymmetric dark mode induced by surface plasmon hybrid-
ization of metal dimer NPs.49,53−55 In our case, the strong
coupling is due to the hybridization between the LSPs of the Ag
NP and the excitons of the ZnO NW. As schematically
illustrated in Figure 2g, the hybridization induced the formation
of the two plexcitonic modes: the lower energy LP mode has a
symmetrical dipole distribution, while the higher energy UP
mode has an antisymmetrical dipole distribution.
Theoretically, when the high-energy fast electrons travel

through the Ag/ZnO or in an aloof beam configuration both
the LSPs of the Ag NP and the excitons of the ZnO NW are
excited, inducing the polarization of both components. The
polarized Ag NP and the ZnO NW then interact with each
other and the amplitude of the excited LSPs of the Ag NP near
the ZnO NW can be deduced by16

∮ω τ= ⃗ ̂ · ⃗ ⃗ + ⃗ ⃗a f r n E r E r S( ) ( ) [ ( ) ( )]di i i x i ip 0 (2)

in which E⃗0 is the electric field produced by the incident
electron beam and E⃗x is the electric field induced by the
polarized ZnO NW. The parameter f(ω) is a frequency-
dependent factor related to the polarizability of the dipole
moment of the Ag NP and τ is surface dipole distribution. The

integrals are evaluated on the surface S of the Ag NP and nî is
the surface normal at a point ⃗r i. Strong coupling occurs when
the internal electric field is much larger than the external field
generated by the incident electron beam.56 Close to the
resonance frequency of the LSP of the Ag NP, the frequency
dependent factor f(ω) in eq 2 can be approximated by16,57

ω
π ω ω

≈ −
ϵ −

f
A

( )
(4 ) ( )

p

b
2

pl (3)

in which ϵb is the background permittivity, Ap (>0) is a constant
that depends on the resonant mode, and ωpl is the resonance
frequency of the surface plasmon. At the LP energy level (ω <
ωpl), f(ω) > 0. The LSP excitation of the Ag NP is mainly due
to the electric field produced by the ZnO excitons. According
to eq 2, for the LP, the surface dipole distribution τ ⃗ ̂r n( ) on the
Ag NP have the same directions with the electric field (E⃗0 ⃗r ),
resulting in a symmetrical dipole distribution (Figure 2g). On
the other hand, for the UP energy level (ω > ωpl), f (ω) < 0,
the surface dipole distribution τ ⃗ ̂r n( ) has opposite directions
with repect to E⃗x( ⃗r ), resulting in an antisymmetrical dipole
distribution (Figure 2g). When the electron beam is located at
the outer edge of the Ag NP (P1 in Figure 1b and P2 in Figure
2a), both the symmetrical modes (LP) and the asymmetrical
modes (UP) can be highly excited. On the other hand, when
the electron beam is positioned near the interfacial region

Figure 3. (a) A series of EELS spectra obtained from Ag NPs of various sizes with the electron beam located at the outer edge of the Ag NPs (cf. P2
in Figure 2a). (b) As in panel a, but the EELS spectra were obtained with the electron beam located near the Ag/ZnO interfacial region (cf. P8 in
Figure 2a). The dotted red arrows guide the observation of the blue-shift of the energies of the LP and UP modes with decreasing size of the Ag NP.
(c) Plots of the energy of the LP and UP mode in the strongly coupled Ag/ZnO NW system as a function of the size of the Ag NPs. The dotted blue
lines in a, b, and c indicate the ZnO exciton energy at 3.43 eV.

Figure 4. (a) Plot of the LSP resonance energy of isolated individual Ag NPs vs particle size; the energy values were extracted from the EELS data
set shown in Figure 3 (Epl = ELP + EUP − Eex). (b) Plots of the energies of the LP and UP mode against the corresponding LSP resonance energy of
isolated individual Ag NPs of different sizes shown in a. The dotted red lines are the simulated dispersion curves of the UP and LP modes. The
dotted blue line indicates the exciton energy of the ZnO NW, and the dotted green line represents the LSP resonance energy of noninteracting
individual Ag NPs.
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between the Ag NP and the ZnO NW, the induced electric
fields on the Ag NP and the ZnO NW, parallel to the electron
beam traveling direction, are opposite, resulting in cancellation
or weak excitation of the symmetrical modes,49 but the UP
mode is still highly excited.
To understand how the energy of the plexcitons can be

tuned by the size of the Ag NPs, a series of EELS
measurements were performed with the sizes of the Ag NPs
varying from ∼40 nm to ∼4 nm in diameter. Figure 3a and b
shows the EELS spectra of six individual Ag NPs (with sizes of
25.5, 15.4, 12.5, 7.7, 6.4, and 4.5 nm) attached to individual
ZnO NWs when the electron beam was positioned at the P2
(cf. Figure 2a) and P8 (cf. Figure 2a) locations, respectively. As
shown in Figure 1, both the UP and LP have higher peak
intensity at the outer edge (P1 in Figure 1c) whereas the UP
has high peak intensity near ZnO (P2 in Figure 1c) as well. The
spectra in Figure 3a (3b) are used to determine the peak
positions of LP (UP). A significant blue-shift of both the LP
and UP modes were detected when the size of the Ag NP
decreased from ∼25 nm to ∼4 nm in diameter. Figure 3c plots
such size dependence of the energy of the LP and UP modes
for Ag NPs with sizes from ∼40 nm to ∼4 nm. Although many
experimental factors influence the accurate determination of the
peak energies of the LP and UP excitation modes, the plots in
Figure 3c still show significant and systematic blue-shift of both
the LP and UP energies when the size of the Ag NP decreases.
Such a blue-shift in energy can be understood if we assume that
the resonance energies of the LSPs of the Ag NPs depend on
their sizes. Therefore, the resonance energies of the LSPs of
isolated individual Ag NPs vs particle size can be deduced from
eq 2 and the data set in Figure 3c (Epl = ELP + EUP − Eex). As
shown in Figure 4a, when the size of the Ag NP decreased from
∼40 nm to ∼4 nm in diameter, their LSP resonance energy
shifted from ∼3.20 eV to ∼3.70 eV, in agreement with the
previously reported EELS measurements of Ag NPs supported
on ultrathin substrates.45,46,58 Since the Ag NPs were attached
only to the ZnO NWs and were not supported by any other
substrate, the data shown in Figure 4a are free from any
substrate effects. The corresponding energy shift of the LP
mode in the strongly coupled Ag/ZnO system is limited to a
maximum value of 3.43 eV (blue dotted line in Figure 3) and
the energy shift of the UP mode is limited to a minimum value
of 3.43 eV, clearly demonstrating an anticrossing behavior at
the exciton energy (3.43 eV) of the ZnO NW. Figure 4b plots
the energies of the LP and the UP modes as a function of the
LSP resonance energy of the isolated individual Ag NPs. By
fitting these data to eq 1, one can easily extract the interaction
energy Ω0 of our Ag/ZnO nanocomposite system, which is
∼85 meV, resulting a Rabi energy splitting of 170 meV (2Ω0).
Conclusion. In summary, we have observed strong

exciton−plasmon coupling between ZnO NWs and Ag NPs
by monochromated STEM-EELS technique. The hybridization
of ZnO excitons with LSPs of Ag NPs created two new
plexcitons (LP and UP). The spatial maps of the LP and UP
excitation modes have been determined and interpreted by the
dipole distributions of LP and UP. By tuning the size of the Ag
NPs from ∼40 nm to ∼4 nm, an anticrossing behavior has been
detected on the Ag/ZnO nanocomposite system; the coupling
strength was estimated, and a Rabi energy splitting of ∼170
meV was determined. The high spatial and energy resolution
STEM-EELS approach demonstrated in this work is general
and can be extended to study many important metal−
semiconductor nanocomposite systems.
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(57) Davis, T. J.; Goḿez, D. E.; Vernon, K. C. Nano Lett. 2010, 10,
2618−2625.
(58) Raza, S.; Yan, W.; Stenger, N.; Wubs, M.; Mortensen, N. A. Opt.
Express 2013, 21, 27344−27355.

Nano Letters Letter

DOI: 10.1021/acs.nanolett.5b02030
Nano Lett. 2015, 15, 5926−5931

5931

http://dx.doi.org/10.1021/acs.nanolett.5b02030



