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ABSTRACT: Semiconductor nanowire (NW) cavities with tailor-
able optical modes have been used to develop nanoscale oscillators
and amplifiers in microlasers, sensors, and single photon emitters.
The resonance modes of NW could be tuned by different boundary
conditions. However, continuously and reversibly adjusting reso-
nance modes and improving Q-factor of the cavity remain a great
challenge. We report a method to modulate resonance modes
continuously and reversibly and improve Q-factor based on surface
plasmon-exciton interaction. By placing single Ag nanoparticle
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(NP) nearby a CdS NW, we show that the wavelength and relative

intensity of the resonance modes in the NW cavity can systematically be tuned by adjusting the relative position of the AgNP. We
further demonstrate that a 56% enhancement of Q-factor and an equivalent s7-phase shift of the resonance modes can be achieved
when the Ag NP is located near the NW end. This hybrid cavity has potential applications in active plasmonic and photonic

nanodevices.
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ptical microcavities, selecting resonance modes and confin-
Oing light to small volumes, are promising for fabricating
integral nanoscale coherent light sources and modulators and
show wide range of applications and studies from optical com-
munications, signal processing to imaging."> With two flat end
facets serving as reflecting mirrors and semiconductor material as
gain media, one-dimensional semiconductor nanowires (NWs)
can be functioned as axial Fabry—Pérot (F-P) cavities.>* Owing
to their remarkable properties of the gain media and effective
optical waveguides, semiconductor NW F-P cavities have at-
tracted particular interest in microcavities research fields. Up to
now, semiconductor NW lasing has been observed in various
semiconductors, such as ZnO, GaN, CdS, etc."”*

A high-performance F-P cavity would own resonance modes
at precise values and confine light with low loss which can be
described by the cavity quality factor Q. For semiconductor F-P
NW cavity, significant evanescent field exists outside the NW
body due to the small diameter of the NW, reducing the
reflection of the NW facets and introducing significant losses,
thus limiting the Q-factor of the cavity to ~2000. The value is
much lower than that of whispering gallery cavity (~12 000) and
hampering the applications of semiconductor cavity."”> There-
fore, it is essential for us to develop new methods to tune
resonance modes and enhance Q-factor of the F-P microcavity.
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In 20085, Barrelet et al. modulated the resonance modes of CdS
NW F-P cavity through embedding the NWs into photonic
crystal and racetrack resonator.® Recently, by folding CdSe NW
to form loop mirrors, Xiao et al. demonstrated a single mode
emission microlaser.” However, until now continuously and
reversibly adjusting resonance modes and improving Q-factor
of the cavity are still great challenges.

Surface plasmon (SP), the collective oscillation of electrons
in conductive bands of metal nanostructures has gained in-
creasing interest due to their capability of manipulating optical
processes in nanoscale.® Both radiative and nonradiative inter-
band transitions and energy transfer in nanosized optical
emitters such as molecules, semiconductor quantum dots
and rare-earth nanocrystals have been modified by plasmon-
induced strong localized electromagnetic field.” "> The detec-
tion sensitivity reaches single molecule level in plasmon-en-
hanced optical spectroscopy.'®”*® In those low-dimensional
semiconductor and metal nanosystems, the plasmon—exciton
interaction is strong, which can greatly promote the exciton—
plasmon—photon conversion. As a result, conversion in single
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Figure 1. (a) Optical image of a CdS NW. (b) Corresponding PL image when a focused 488 nm laser excites at the middle part of the NW. (c)
Normalized PL spectra detected at the excitation position (black line) and the left end of the NW (magenta line). (d) Mode spacing A4 at $18 nm versus
NW-length for 21 independent straight NWs. Black triangles are experimental points and the red line is the linear fit to the data.
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Figure 2. (a) The CdS NW—Ag NP hybrid microcavity fabricated with a nanoprobe. (b,c) Optical images of the CdS NW and the Ag NP. The length
and diameter of the CdS NW is 12 #m and 170 nm, respectively. The diameter of the Ag NP is 100 nm. The separations between the Ag NP and the side-
surface of CdS NW are 780 nm (b) and 300 nm (c), respectively. (d) Schematic illustration of modulations of PL Fabry—Pérot oscillation in the CdS
NW by an Ag NP located nearby the side-surface of the NW. Propagating PL can be reflected backward by the Ag NP. (e,f) Corresponding PL images
of the CdS NW with Ag NP depicted in (b,c) when a focused 488 nm laser was excited at the left end of the NW.

quanta level and plasmonic lasing can be achieved based on hybrid
metal —semiconductor nanostructures."®*°">* Although it was
extensively studied that the absorption and emission properties of
semiconductor nanostructures could be modified by plasmonic
nanostructures, the adjustment of resonance modes and improve-
ment of Q-factor of semiconductor nanowire cavity by metal
nanostructure have not been reported so far.

In this paper, we report the first experiment of modulating the
resonance mode and Q-factor of a nanosized optical oscillator by
exploiting plasmon-exciton interaction and energy transfer be-
tween metal nanoparticle (NP) and semiconductor NW. By
placing single Ag NP nearby a CdS NW, we show that the
wavelength and relative intensity of the resonance modes in the
NW cavity can systematically be tuned by adjusting the relative
position of the Ag NP. We further demonstrate a 56% enhance-
ment of Q-factor and an equivalent 7z-phase shift of the resonance

modes can be achieved when the Ag NP is located near the
NW end.

The CdS NWs were prepared by vapor transport technique.”
For optical measurement, the samples were dispersed into ethanol
solution and then deposited onto a quartz glass substrate and
dried naturally. The Ag NPs were synthesized with polyol
method,*” suspended in alcohol solution and then dropped onto
another quartz substrate. The CdS—Ag structures were fabri-
cated by a micromanipulator equipped with a fiber probe (see
Figure S1 in Supporting Information), in which single Ag NP
on quartz glass substrate was attached by the fiber apex via
electromagnetic force, moved and finally released near a CdS
NW on another quartz glass substrate. A confocal microscope
with a 100X objective (Olympus MPLFLN 100X /0.9) was
used to focus a continuous wave laser beam (wavelength at
488 nm, Ar" laser produced by Spectra Physics Corporation)
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Figure 3. Modulation of Fabry—Pérot oscillations in CdS NW. (a)
Normalized PL spectra with Ag NP (magenta line) and without Ag NP
(dark line). The dashed lines indicate the wavelengths of the corre-
sponding resonance modes in two situations. The inset shows back-
ground-subtracted PL spectra in two situations. Red arrows indicate the
enhanced modes in the NW Fabry—Pérot cavity with Ag NP. (b) Fourier
transformation of the PL spectra plotted versus reciprocal wavelength
when 0 = 50 nm, 150 nm, 300 nm, and oo (without Ag NP).

on individual NWs. The corresponding focused laser spot is
about 1 um in diameter and the excitation power density
is approximately 30 kW/cm”. The microphotoluminescence
(u-PL) was collected by the same objective and analyzed with
a monochromator (SP2750i) and a liquid nitrogen cooled CCD
(Princeton instrument, Spec10). For PL spectra measurements,
a long pass filter with a 488 nm cutoff wavelength was used to
block out the laser. All the measurements were carried out at
room temperature.

We first investigated PL waveguide and oscillation in a bare
CdS NW. Figure la shows an optical image of a CdS NW with a
length Lyw = 17.0 m. Figure 1b is the PL image when a 488 nm
laser is focused at the middle part of the NW. Two bright green
spots can be observed at the two ends of the NW, indicating that
the CdS NW has an effective waveguiding property.” The u-PL
spectra response at excitation position and the left end of the NW
(left green spot) were plotted together in Figure lc. The PL
detected at excitation position has a peak around 505 nm, which
is attributed to the band edge emissions of the CdS NW.? The PL
emitted from the NW end exhibits a main emission peaked
around 511 nm, 6 nm red-shifting compared with the PL
emission at the excitation position due to the reabsorption of
the CdS NW during waveguiding process.”** >° Obvious in-
tensity oscillations are observed in the PL spectrum of NW end,
which represent different resonance modes of the NW cavity.
The mode spacing (the difference of the two adjacent resonance
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Figure 4. (a) Fourier transformations of PL spectra for three CdS
NW-—Ag NP structures. The lengths of three CdS NWs are 18.5, 12.0,
and 12.0 um. respectively. L, are 0.33 L&y, 0.50 L&)y and 0.56 LG,
respectively. (b) fag/fuw as a function of Lag/Lnw-. Dark spheres are
experiment data, and red line is a linear fit to the data.

wavelengths) Ay varies from 1.55 to 3.42 nm with resonance
wavelength increasing from S15 to 558 nm due to dispersion. For
a F-P type cavity, Aldy is given by A%/ @Lyw (ne — Ar(dne/
dAR))), where Ay is the resonance wavelength, L is the length of
the NW, n, is the effective refractive index, and dn./dAy is the
dispersion relation.” For a given Ag, the mode spacing should be
in proportion to the inverse length (Adg e 1/Lnw). The
measured relations AAg ~ 1/Lyw at resonance mode Ag =
518 nm are presented in Figure 1d, which satisfy the linear
relations AAg o< 1/Lyw-

To investigate the modulation of F-P oscillation by SP of metal
nanostructure, we move an Ag NP toward a CdS NW, as
illustrated in Figure 2a. The position of the Ag NP is labeled
by Lg and O, where L Ag i the axial distance between the Ag NP
and the left end of the CdS NW and 0 is the separation between
two. Figure 2b,c shows the optical images of a CdS NW and an Ag
NP with different 0. The length of the NW Ly = 12.0 #m and
Lag X Law/2 = 6.0 um. The diameters of the NP and the NW are
100 and 170 nm, respectively. The separation O in Figure 2b is
approximately 300 nm measured by using atomic force micro-
scopy (AFM) (see Figure S2 in Supporting Information).
Interestingly, when an Ag NP is close to the NW, the photo-
luminescence (PL) propagating in the NW will be partially
reflected by the NP due to plasmon—exciton interaction, as
schematically shown in Figure 2d. In this case, the Ag NP acts as a
reflecting mirror and creates a new cavity with a length of L, in
the NW. The resulting resonance modes in the NW are
determined by two cavities, and the intensities and wavelengths
of the resonance modes can be strongly modulated by the location
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of the Ag NP (Laz and 0). Figure 2e,f shows the PL images when
the structures depicted in Figure 2b,c are illuminated with a
focused 488 nm laser, respectively. When the gap is very large (0
>700 nm), only one green spot is observed at the right end of the
NW, which indicates that the NW is a good waveguide with few
surface defects and the interaction between NW and NP is neglected
in this case. However, a new green spot is observed at the gap
position of Ag—CdS when & < 300 nm, indicating an exciton—
plasmon—photon conversion process reported previously.'*'® >
It has been investigated that SP-exciton energy transfer can occur
based on coulomb interaction when the distance of adjacent metal
and semiconductor structure is short enough.

In Figure 3a, we show normalized PL spectra of the CdS NW
with (magenta line) and without (dark line) Ag NP, where obvious
intensity oscillations can be observed. Each peak in the oscillation
characterizes different resonance mode of the NW cavity. The
mode spacing (the difference of the two adjacent resonance
wavelengths Adg) is 1.63 nm at the resonant wavelength A =
518 nm, fitting well with Adg ~ Ar curves for CdS NW F-P
cavities in Figure 1d. Although the presence of the Ag NP does
not change the resonance wavelength (), it significantly tunes
the relative intensity, which is more clearly revealed in the spectra
after background subtraction (the insert of Figure 3a). Another
interesting observation is that the oscillations exhibit a period of
2AAg; every other mode is strongly enhanced, as indicated by the
red arrows in the insert of Figure 3a. Because the characteristic
length of the NP induced cavity is nearly one-half of that of the
bare NW, the observation can preliminarily be understood by the
relation Adg o< 1/L for a given Ay in F-P cavity.

The plasmon-modulated resonance modes are further ana-
lyzed by Fourier transformation (FT) of PL spectra. The FT
frequency f extracted from the PL spectra is equal to the inverse
of the mode space (i.e., f= 1/Alg). As shown in Figure 3b, one
can see a peak at the FT frequency fuw = 0.398 x 10° m™ " for the
bare NW, the corresponding characteristic cavity length L. is 12.0
pm (= Lyw). The peak at 0.20 x 10”m ™" (fa,) is induced by the
Ag NP, and the corresponding L. is 6.0 um (= LAg), which
strongly supports that the fy, peak is caused by the Ag NP.
Figure 3b also shows that the intensity of the plasmon-induced
fag peak increases as the gap separation decreases from 300 to
50 nm due to stronger plasmon—exciton interaction at narrower
gap in this range (the gap dependent PL spectra are shown in
Figure S3 in Supporting Information). It has been extensively
reported that the near-field excition—plasmon—photon interac-
tion and energy transfer rate between SP and exciton were
enhanced with the decreasing of the gap between metal and
semiconductor nanostructures.”’ >

The resonance modes of the NW F-P cavity can be system-
atically tuned by manipulating the axial location of the Ag NP
L g Three different structures are investigated and the results are
shown in Figure 4. From the FT analysis of the PL spectra of
three situations, the normalized frequency fag/faw is basically
scaled to the normalized axial position La,/Lyw. Take NW, and
NW, with the same fyw (0.39 x 10’ m ™" for an instance, fagis
022 x 10°m ™" (fag/faw = 0.56) and 0.20 X 10°m ™" (fag/frxw =
0.51) when Lag/Lnw is manipulated to be 0.56 and 0.50,
respectively. The linear relationship between fx,/fanw and Ly,/
Lyw is clearly demonstrated in Figure 4b. These observations
consistently confirm that the NP plasmon-induced resonance
modes are indeed attributed to a cavity with a length of L,
which can be manipulated as shown above.
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Figure 5. (a) Schematic illustration of modulation of Fabry-Pérot
oscillations in the CdS NW by an Ag NP located near the NW end.
(b) Optical image of the CdS NW with an Ag NP. (c) Normalized PL
spectra (background subtracted) at the right end of the NW in the
presence or absence of Ag NP when a focused 488 nm laser is
illuminated at the middle part of the NW.

Finally, we show that the Q-factor and the phase of the CdS
NW cavity can be modulated by the Ag NP too. When an Ag NP
is placed near the right end of the CdS NW (see Figure Sa), the
NP acts as a nanomirror and enhances the reflection of the right
end-facet of the NW so that the Q-factor of the NW can be
increased. As shown in Figure Sb, the separation between the Ag
NP and the CdS NW is approximately 150 nm. The PL spectra at
the right end of the NW was recorded when a laser illuminated at
the middle part of the NW. In the presence of the NP, the full
width at half-maximum (fwhm) of the resonance mode at
517.6 nm decreases to approximately 0.53 nm, corresponding
to a Q-factor ~1000 (Q = A/Agenm for a typical F-P cavity'),
which is ~56% larger than that of the bare CdS NWs (Q ~ 640 at
515 nm in the absence of Ag NP). It is because that the Ag NP
reflects back PL leaked out at the NW end and reduces cavity
energy loss. The enhancement of Q-factor is attributed to the
strong near-field exciton—plasmon interaction. Note that even
though the Q-factor is enhanced, it is still much lower than that of
the other types of cavity." The size and distance of the structure
would be critical to obtain a higher enhancement on Q-factor.
Previous studies show that shorter distance will lead to stronger
plasmon—exciton interaction, however if the distance is smaller
than S nm the PL would be quenched which may hamper the
Q-factor.***** Therefore a distance of S—20 nm would induce a
stronger dipole—dipole resonance interaction and give a much
higher Q-factor enhancement. One more interesting observation
is that the resonance wavelength A shifts about half the period of
the mode space (i.e., AA/2) as show in Figure Sc. This means that
an equivalent s7-phase shift is induced by the Ag NP. According
to the work of Prikulis et al.,*® the phase shift may be induced by
the retardation of Ag NP. The scattering peak of the Ag NP with a
diameter of ~100 nm in our experiments was measured to be
about 529 nm (see Figure S5 in Supporting Information), which
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is at the red side of the resonance modes (518 nm), and the phase
shift could be as large as 7.

Therefore, Ag NP can simultaneously modulate the effective
cavity length, equivalent phase shift, and the Q factor of the
cavity modes. Ag NP acts as a reflective and half-reflective
nanomirror when it is located at the end of and at the side of
the CdS NW cavity, respectively. Our observations provide a
new approach to adjusting the resonances modes and improv-
ing corresponding Q-factor of semiconductor NW cavities via
exciton-plasmon interaction, which may find applications in
active plasmonic nanodevices, such as plasmon assisted nano-
lasers and nanosensors.
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