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irectional control over the excita-

tion energy transfer between dif-

ferent nanosystems is of critical im-
portance for the emerging field of
nanophotonics and has various prospec-
tive applications ranging from biological
detections to quantum information
processing.!~'* For instance, the excitation
energy transfer between semiconductor
quantum dots (QDs) is employed to demon-
strate quantum operations,* and the stimu-
lated interactions between active optical di-
poles and surface plasmons are used to
generate plasmonic lasing.”~8 Comparing
with nonradiative energy transfer (such as
Dexter and Férster processes),'>'® radiative
energy transfer has sufficient distance
range but poor efficiency and directional-
ity. The surface plasmons of the exquisitely
designing and optimizing metal nanostruc-
tures are powerful tools to enhance the ef-
ficiency of both radiative and nonradiative
energy transfers."'”~1 The Ag films have
been used by Andrew et al. to first demon-
strate plasmon-mediated radiative energy
transfer from donor to acceptor dye mol-
ecules over distances longer than 100 nm,’
which proceeds in three processes, convert-
ing optical dipole of the donors to the sur-
face plasmon on one interface of a Ag film,
then cross coupling of two surface plas-
mons on the opposite interfaces of the film,
and finally transferring excitation energy to
the acceptors on the opposite side. On the
basis of this principle, the corrugated nano-
structures have been used by Feng et al. to
enhance the cross coupling of the two sur-
face plasmons on the opposite interfaces.'”
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ABSTRACT Efficient plasmon-mediated excitation energy transfer between the CdSe/ZnS semiconductor

quantum dots (QDs) across the silver nanowire array up to 560 nm in length is observed. The subwavelength

imaging and spectral response of the silver nanowire arrays with near-field point-source excitations are revealed

by theoretical simulations. Our studies demonstrate three advantages of the nanosystem: efficient
exciton—plasmon conversion at the input side of the array through near-field strong coupling, directional

waveguidance and resonant transmission via half-wave plasmon modes of the nanowire array, and subwavelength

imaging at the output side of the array. These advantages allow a long-range radiative excitation energy transfer

with a high efficiency and a good directionality.

KEYWORDS: surface plasmon - silver nanowire array - radiative energy
transfer - semiconductor quantum dots - subwavelength imaging

A two-dimensional (2D) standing metal
nanowire array could be a good candidate
to assist radiative energy transfer due to its
near-field coupling and imaging
behaviors.2%?' The excitation energy of
nanoemitters can be efficiently converted
to the surface plasmons through strong
coupling near the tips of the Ag nano-
wires,'” and the corresponding Purcell fac-
tor, P (the ratio of the spontaneous emission
rate into the plasmon modes over emis-
sion into other channels), is predicted to
be as high as 10°.222* Metal nanorods sup-
port both longitudinal and transverse sur-
face plasmon resonances (abbreviated by
LSPRs and TSPRs, respectively) by the free
electrons near the metal surface oscillating
perpendicularly to and along the long axis
of the nanorods. Resonant transmission
through a Au nanorod array with a far-field
excitation is reported by Lyvers et al.,**
which is found to be caused by the half-
wave plasmon modes induced by TSPRs in
the nanorod array. Furthermore, Ono et al.
have reported that the metal nanorod array  ©2010 American Chemical Society
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has strong near-field focus effects and can generate
subwavelength images of a z-polarized nanoemitter at
the opposite side of the array when the emission wave-
length of the nanoemitter is resonant with LSPRs of
the metal nanorods.?>?' In this paper, we theoretically
investigate half-wave plasmon oscillations, resonant
transmission, and subwavelength imaging behaviors
of the Ag nanowire arrays with near-field point-source
excitations and experimentally demonstrate exciton en-
ergy transfer between CdSe/ZnS QDs and the corre-
sponding dynamic processes across the nanowire ar-
ray with length up to 560 nm.

RESULTS AND DISCUSSION

Theoretical Simulations of Subwavelength Imaging by Silver
Nanowire Arrays. We begin the studies with computa-
tional simulations of the field distributions of a point-
source coupling to the surface plasmon of a Ag nano-
wire array. The simulations are performed by using
finite difference time domain (FDTD) method with com-
mercial software FDTD Solutions 6.0.5. In the simula-
tions, the point-source is situated at z = 0 nm and the
distance between the point-source and the input side
(left end) of the nanowire array is z;, = 20 nm (see Fig-

«

o
o

200
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Figure 1. Seventh harmonic half-wave plasmon resonances of the Ag nanowire array (d = 50 nm, a = 100 nm, and L = 540
nm) and the subwavelength imaging of a z-polarized point-source at the center of a nanowire. (a) Field distributions along
the nanowires (x = 0, YOZ plane). (b) Subwavelength image at the output plane (z,,; = 24 nm, XOY plane). The dashed circles
represent the positions of the Ag nanowire array. (c) Cross-sectional field distributions at x = 0 and z,,; = 14, 18, 24, 30,

and 40 nm.

ures 1a and 2a), and the 2D hexagonal Ag nanowire ar-
ray has a period a = 100 nm, wire diameter d = 50
nm. The refractive index of the medium is 1.61.

When a point-source is located at the central axis
of a nanowire (as shown in Figure 1), only z-polarized
source can be strongly coupled to the nanowire array
via excitation of LSPRs.2%?> The propagating field along
the nanowires and the output field at the opposite side
reach the maxima at one or multiple half-wave reso-
nances of the plasmons (the number of half-wave oscil-
lations is expressed by m). Figure 1a shows the plas-
mon resonances with m = 7 at A = 590 nm for the
nanowire array with length L = 540 nm (the simula-
tions with m = 1, 2, and 3 are presented in Figure S1
in Supporting Information). The coupled electromag-
netic field is mainly confined and propagates near the
surface of the central Ag nanowire. It clearly indicates
that the electromagnetic field of a point-source strongly
couples to and resonantly transmits through the nano-
wire array via half-wave plasmon modes.

After resonant transmission through the nanowire
array, the subwavelength images of the point-sources
are generated at the output side (right end) of the ar-
ray due to the near-field imaging effect. Figure 1b

Www.acsnano.org
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Figure 2. Modulated seventh harmonic half-wave plasmon resonances of the Ag nanowire array (d = 50 nm, a = 100 nm,
and L = 540 nm) and two subwavelength images of a y-polarized point-source at the middle of two nanowires. (a) Field dis-
tributions along the nanowires (x = 0, YOZ plane). (b) Two subwavelength images at the output plane (z,,: = 24 nm, XOY
plane). The dashed circles represent the positions of the Ag nanowire array. (c) Cross-sectional field distributions at x = 0 and

Zout = 14, 18, 24, 30, and 40 nm.

shows the subwavelength image at the plane with a
distance z,,: = 24 nm to the output side of the array
via the seventh half-wave plasmon mode (m = 7). The
y cross-section field distributions at x = 0 and z,; = 14,
18, 24, 30, and 40 nm are presented in Figure 1¢, which
demonstrates the formation of the subwavelength im-
age at z,,: = 24 nm, and the full width at half-maximum
(fwhm) of the image is as small as 1.4d. Note that the
fwhm of the subwavelength image increases from ~70
to ~105 nm when the distance z, increases from 24
to 100 nm (see Figure S3 in Supporting Information).

Interestingly, a y-polarized source is more efficiently
coupled to the nanowire array than a z-polarized source
when it is located in the middle of two nanowires (see
Figure S2 in Supporting Information), and two sub-
wavelength images are generated around two nano-
wires in this case. Figure 2a shows the modulated half-
wave oscillations (m = 7) of a y-polarized near-field
source with A = 590 nm, and the lateral field distribu-
tion around a single nanowire is asymmetric due to the
transverse plasmons.

Comparing with a single nanowire, the Ag nano-
wire array has strong lateral near-field interaction be-
tween the nanowires as well as large effective lateral
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cross section, which significantly increases the plas-
mon coupling to the y-polarized sources (see Figure S4
in Supporting Information). Therefore, the nanowire ar-
ray generates subwavelength images with much stron-
ger intensity. The collaboration of the longitudinal and
transverse plasmons of the nanowire array leads to effi-
cient output of the subwavelength images.

In the spectral domain, the output intensity |Equ?
reaches the maxima (i.e., resonant transmission) when
the excitation wavelength of the point-source is reso-
nant with the harmonic half-wave plasmon modes of
the Ag nanowire array. The spectral responses of the Ag
nanowire array (L = 540 nm) with near-field excitation
are shown in Figure 3, where the output field intensities
are read out at the plane z,,; = 24 nm. Three resonant
transmission peaks appear near 540, 590, and 650 nm in
the visible region, which correspond to the sixth, sev-
enth, and eighth harmonic plasmon resonances, re-
spectively. Note that the spectral responses of the Ag
nanowire array for the y-polarized and z-polarized
point-sources are only slightly different, which means
that the LSPRs of the nanowires play a key role in the
half-wave plasmon modes of the array for either
y-polarized or z-polarized excitations. We also note
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Figure 3. Spectral response in the visible region of the Ag
nanowire array (d = 50 nm, a = 100 nm, and L = 540 nm). The
point-source is set at the input plane with z;, = 20 nm, and the
subwavelength imaging intensity is read out at the output
plane with z,,; = 24 nm. Black line: z-polarized point-source at
the center of a nanowire. Red line: y-polarized point-source at
the middle of two nanowires.

that the short nanowire array with a single half-wave
plasmon resonance (m = 1) for z-polarized point-
sources corresponds to Ono'’s superlens.?’ The fwhm
value of the subwavelength image of the z-polarized
source is almost independent of the value of m, but the
longer Ag nanowires (L = 220 nm) supporting the third
plasmon mode (m = 3) can focus slightly more energy
in the center peak of the near-field images (see Figure
S1 in Supporting Information).

The theoretical simulations shown in Figures 1—3 re-
veal that a point-source (acting as a donor) can be effi-
ciently coupled to the Ag nanowire array, and the sub-
wavelength images can be generated at the opposite

Figure 4. Nanostructures of the Ag nanowire arrays. (a,b) SEM images
of the AAO template loaded with the Ag nanowires at the open-pore
side and occupied side, respectively. The thin Al,Os barrier layer on the
AAO template is removed. (c) Cross-sectional SEM image of the AAO
template loaded with Ag nanowires (Q = 300 mC). (d) TEM image of
the Ag nanowires (Q = 300 mC). The AAO host medium is dissolved.
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Figure 5. Absorption spectra of the Ag nanowire arrays
grown in the AAO templates. The light source is p-polarized
and incident with an angle of 60°. The length of the four
samples are Lyq = 38, 140, 380, and 650 nm, which are ob-
tained by controlling the electrodeposition charge at Q =
20, 70, 200, and 350 mC, respectively.

side. When an acceptor is located around the subwave-
length images of the donor, efficient plasmon-
mediated radiative energy transfer from the donor to
the acceptor could be expected in this nanosystem.

Nanostructures and Absorption Spectra of Silver Nanowire
Arrays. We turn to experimental demonstrations of long-
range excitation energy transfer between QDs by us-
ing Ag nanowire arrays, which are electrochemically
grown in anodic aluminum oxide (AAO) templates. Fig-
ure 4a,b shows the scanning electron microscopy (SEM)
images of the AAO templates loaded with the Ag
nanowires at the open-pore side and occupied side, re-
spectively. In Figure 4b, the thin Al,O; barrier layer on
the AAO template is removed by sputtering technique
to uncover the Ag nanowires. A cross-section SEM im-
age of the AAO loaded with the Ag nanowires is shown
in Figure 4c. A transmission electron microscopy (TEM)
image of the Ag nanowires prepared with electrodepo-
sition charge Q = 300 mC is shown in Figure 4d. From
the SEM and TEM images, we estimate that the Ag
nanowire arrays have average wire diameter d = 36 =
3 nm, period a = 97 = 5 nm, and length L = 560 =+ 40
nm.

The absorption spectra of the Ag nanowire arrays
with different lengths from 38 to 650 nm (the corre-
sponding electrodeposition charge Q from 20 to 360
mC) are shown in Figure 5. In Figure 5, a p-polarized
source with an incident angle 60° is used to excite LSPRs
and TSPRs simultaneously. The absorption bands near
400 and 700 nm are caused by TSPRs and LSPRs of the
Ag nanowire array, respectively.?®?’ As the average Ag

Www.acsnano.org



length increases from ~380 to ~650 nm (the elec-
trodeposition charge Q increases from 200 to 360 mC),
the strength of the LSPRs increases about 60%, but the
peak position of the LSPRs slightly blue shifts from 727
to 708 nm. This blue shift of LSPRs is mainly caused by
the resonances of higher order plasmon modes in the
strongly coupled array of Ag nanowires. The similar blue
shifts of the LSPRs of the nanowire array were first ob-
served by Evans and co-workers via tuning incident
angle.?’~?° The transmission behaviors of the Ag nano-
wire array excited by the far-field and near-field sources
are significantly different.

Radiative Energy Transfer hetween QDs across Silver Nanowire
Arrays. The radiative energy transfer is monitored by
photoluminescence (PL) emissions. As shown in Figure
6a, an s-polarized laser with a wavelength of 400 nm is
slantwise (with Brewster angle 6, =~ 50°) incident to
the input sides of the samples, in which the Ag nano-
wires grow in the AAO template with the donor QDs_D
absorbed on the surface of the Al,O5 barrier layer and
the acceptor QDs_A deposited in the rest of the nano-
pores of the AAO template. The laser with a short wave-
length of 400 nm is blocked by the Ag nanowire array,
while the emissions from the donors with a longer
wavelength of 560 nm can transmit through the array.
Figure 6b shows the PL spectra of the donor-only,
acceptor-only, and donor—acceptor samples (all the
samples have the same wire length of ~560 nm). For
the donor-only sample, the PL (/p) spectrum shows a
peak at ~560 nm, which red shifts about 15 nm com-
pared with that of the dilute QDs_D solution in the ab-
sence of Ag nanowire array. This red shift of the PL peak
is attributed to the nonradiative Forster energy trans-
fer between the QDs_D in the assembled film and the
transmission response of the Ag nanowire array. For the
acceptor-only sample, the PL signals (/4) are not ob-
served in the whole detection region due to the com-
plete block of the direct laser excitations by the Ag
nanowire array. For the donor—acceptor sample, a new
PL peak at ~660 nm from the acceptor QDs_A is ob-
served, which is attributed to the radiative energy trans-
fer from the donors to the acceptors. If the areas un-
der the donor-only, acceptor-only, and
donor—acceptor spectra from 450 to 780 nm are Ip, I»,
and Ip_p, respectively, then the energy transfer effi-
ciency is mer = (Ilb—a — flo — Ia)/Io—a" Where the correc-
tion factor f can be calculated from the ratio of the do-
nor emission intensities at 560 nm in the two spectra of
donor—acceptor and donor-only samples.! From the
experimental data shown in Figure 6b, the energy trans-
fer efficiency mer is calculated to be about 0.7, which
means that 70% of the energy transmitted through the
Ag array is coupled to the acceptors. Note that the lo-
cal electric field around the acceptor QDs is enhanced
about 2 orders of magnitude in the presence of the Ag
nanowire array (see Figure S4 in Supporting Informa-
tion for details), which indicates that the Ag nanowire
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Figure 6. Radiative energy transfer between the QDs across the Ag
nanowire array. (a) lllustration of the sample structure with Ag nano-
wires grown in the AAO template, the donor QDs_D absorbed on the
surface of the Al,O; barrier layer, and the acceptor QDs_A deposited in
the rest of the nanopores of the AAO template. (b) PL spectra of the
donor-only, the acceptor-only, and the donor—acceptor samples. The
emissions around 560 and 660 nm are attributed to the QDs_D and
QDs_A, respectively. (c) PL intensity of the acceptor QDs_A as a func-
tion of the coating layer of the donors absorbed on the Al,O; barrier
layer.

array greatly enhances the energy transfer from the do-
nors to the acceptors. The energy transfer efficiency
can be further improved by fine-tuning the wire length
and decreasing wire length variation.

The PL intensity of the acceptor (I§) ) in the
donor—acceptor sample has the relationship

F(D)
2 rad D)3 (D) yp (A)
exc) (D) (D) T (emN
rad nonrad

182 5 o= NP0,
m

where N® and N® are the number of the donors and
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acceptors, respectively. I'?) and I'Q),.q are the radia-
tive and nonradiative decay rate of the donor QDs_D,
respectively; [fP)(\e,o)|? is the field enhancement factor
of the donors at the excitation wavelength, and
TOME)) is the near-field transmittance of the array at
the emission wavelength of the donors; |fP(\ex. = 400
nm)|? is calculated by using FDTD method, and the
maximal enhancement factor reaches about 8 near the
end of the nanowires. The geometry is the same used in
Figure 1, but the excitation source is replaced by a 400
nm s-polarized plane wave with an incident angle of
50°.

The dependence of the acceptor PL [ 5 on the coat-
ing layers of the donor films (n8)e) is shown in Figure
6¢. The value of I8, is almost zero for the three coat-
ing layers of the donor films due to the quenching ef-
fect of the Ag nanowire array. This quenching effect can
be efficiently depressed by increasing the thickness of
the spacer between the QDs_D and the Ag
nanowires.3~33 [, dramatically increases when 4 <
nBer < 10, which is attributed to the coeffects of the
large field enhancement factor fP(\,) and the strong
near-field exciton—plasmon coupling at both excitation
and emission wavelengths of the donor QDs_D.

Dynamics of Plasmon-Assisted Radiative Energy Transfer
between QDs. The dynamics of
exciton—plasmon—exciton—photon conversion and
excitation energy transfer are monitored by using a
time-correlated single-photon counting (TCSPC) sys-
tem.3* The PL decay rate of the donor QDs_D is signifi-
cantly fastened by the Ag nanowire array, as shown in
Figure 7a. The PL decay trace of the QDs on the barrier
layer of pure AAO template is single exponential, which
means that the cooperative effects caused by the as-
sembling of QDs_D can be neglected. The correspond-
ing PL lifetime is measured to be about 10.7 ns. On the
contrary, the PL of 10 coating layers of donor QDs_D
transmitted through the Ag nanowire array decays in a
two-component exponential form

I t) = A" + Ae " )

where Af and A; are the weight factors of the fast and
slow decay processes, respectively; ¢ and 7 are the cor-
responding lifetimes. By fitting the recorded data, we
obtain 7t = 2.2 ns, 7, = 10.7 ns, A/(As + A) = 0.64, and
Ad/(As + A) = 0.36. The enhancement factor of the PL
decay rate of the donors reaches as high as 4.9, which
confirms a strong near-field coupling between the do-
nors and the Ag nanowire array. The long lifetime con-
tribution is from the donor QDs with longer distance to
the nanowires, which are coupled to the plasmons
weakly. Figure 7b shows the PL decay rate of the accep-
tors, which is slightly enhanced by the Ag nanowire ar-
ray due to the large separation between the acceptors
and nanowires because of short deposition time (tg)
(red curve in Figure 7b). As the deposition time is pro-
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Figure 7. PL dynamics of the donors and acceptors. (a) Nor-
malized time-resolved PL of 10 layers of QDs_D absorbed on
the Al,Os barrier layer of the AAO template with and with-
out Ag nanowires. (b) Normalized time-resolved PL of QDs_A
deposited in the nanopores of the AAO template with and
without Ag nanowires. As the deposition time t4 of QDs_A in-
creases (ty = 12 and 18 h, respectively, in red and black
curves), the separation between QDs_A and Ag nanowires
decreases, and the PL decay rate of the QDs_A becomes
faster.

o

longed, the separation decreases, and the emission
field of the acceptors is strongly coupled to the nano-
wires, which leads to a faster PL decay rate of the accep-
tor QDs_A (black curve in Figure 7b).

CONCLUSIONS

In summary, the Ag nanowire array enhances the ex-
citation energy transfer between QDs by sequential
processes: first, enhancing the excitation of excitons in
the donors, then converting excitons to surface plas-
mons through near-field coupling, followed by reso-
nant transmissions of surface plasmons via half-wave
modes, consequently generating subwavelength im-
ages at the opposite side of the array through near-field
imaging effect, and finally converting the excitation en-
ergy from the images of the donors to the acceptors.
The FDTD simulations reveal a more than 102 enhance-
ment of the electromagnetic field by the Ag nanowire
array over a distance longer than 500 nm. The meas-
ured radiative energy transfer efficiency between the
QDs reaches about 70% at the output side of the array.
The nanowire array demonstrates the conversion of
exciton—plasmon —exciton—photon with a higher con-
version efficiency compared with single nanowire, and

Www.acsnano.org



it assists radiative energy transfer with a longer trans-
mitting distance compared with the Ag film. In addition,
the array of longer Ag nanowires also supports mul-
tiple half-wave oscillations at multiwavelength and can
be used for multicolor subwavelength imaging similarly

METHODS

Preparation of Samples. The AAO templates were prepared by a
two-step anodization process.3* First, the aluminum sheets (pu-
rity 99.999%) were degreased in acetone and electropolished un-
der a constant voltage condition of 16 V for 4 min in a mixture
of HCIO, and C,HsOH at 0 °C to smooth the surface morphology.
In the first and second anodization processes, treated alumi-
num sheets were exposed to a 0.3 M oxalic acid solution under
constant voltage of 40 V in an electrochemical cell at a tempera-
ture of about 4 °C. The alumina layer produced by the first anod-
ization process was removed by wet chemical etching in a mix-
ture of phosphoric acid (0.15 M) and chromic acid (0.60 M) at 60
°C for 1 h. The barrier layer of AAO templates was thinned by
chemical pore widening and stepwise potential reduced anod-
ization steps.® First, the thickness of the barrier layer was de-
creased by chemically widening in oxalic acid solution at 30 °C
for 3 h. Then the AAO templates were anodized with a stepwise
reduced potential from 40 V down to 1 V in oxalic acid solution,
and the barrier layer was further thinned.

The ordered array Ag nanowires were deposited in the nano-
pores of AAO templates by pulsed direct current (DC) elec-
trodeposition in an electrolyte containing AgNO; (0.03 M) and
H,S0, acid (0.03 M) with a Pt counter electrode.*® The deposi-
tion pulse was a 6 ms negative potential of —6 V, followed by a
6 ms positive potential of 6 V and a zero potential with delay
time of 400 ms. The length of Ag nanowires was controlled by
the deposition integral coulomb charge. The deposition was car-
ried on by a galvanostat/potentiostat (PAR VersaSTAT3-200).
The underlying Al substrate was dissolved by using CuCl,
solution.

The donor QDs_D were spin-coated and electrostatically ab-
sorbed onto the surface of the Al,O; barrier layer of the AAO
template layer-by-layer.>” The freshly cleaned Al,O; barrier layer
was functionalized with poly(ethyleneimine) (PEI) to produce a
positively charged surface,® then a 150 pL droplet of 0.4 pM
negatively charged QDs_D solution was dropped on the sub-
strate and rotated for 30 s at 1000 rpm. This procedure was re-
peated until the needed layers of the QDs_D were achieved. The
acceptor QDs_A were deposited into the nanopores at the oppo-
site side of the AAO template loaded with Ag nanowires. Both
the donor QDs_D and the acceptor QDs_A are commercial car-
boxyl CdSe/ZnS core—shell QDs, which were purchased from In-
vitrogen Corporation. The emission peaks of the QDs are ad-
justed by their sizes. The donor and acceptor QDs have emission
peaks around 545 and 655 nm, respectively.

Characterization of Samples. The filled AAO templates were
etched by a precise Ar ion polishing system (Gatan PIPS Model
691) and examined by SEM to determine the degree of pore fill-
ing. The SEM was performed by using a FEG SEM Sirion 200 op-
erated at an accelerating voltage of 25.0 kV. The TEM was per-
formed by using a JEOL 2010HT operated at 100 kV. The TEM
samples were prepared by dissolving the AAO template contain-
ing Ag nanowires in NaOH solution. The absorption spectra
were recorded by a UV—vis—NIR spectrophotometer (Varian
Cary 5000) by using a p-polarized source with an incident angle
of 60°.

Optical Experiments. The PL from the samples was collected by
the reflection measurement. An s-polarized laser for the meas-
urements of PL was generated by a mode lock Ti:sapphire laser
(Mira 900, Coherent) with a pulse width of ~3 ps and a repeti-
tion rate of 76 MHz. The laser beam was focused into a
frequency-double beta barium borate (BBO) crystal, and the ex-
citation wavelength was tuned to ~400 nm, which was near-
resonant to the TSPRs of the Ag nanowire array. Therefore, the
incident local field at the input side of the nanowire array was en-
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to the stacked array of the short Ag nanorods (the ex-
quisitely stacked arrangement could be better for color
imaging).?' The metallic nanowire array with half-wave
plasmon resonances gives rise to several prospective
applications in nanophotonics.

hanced strongly, but the transmission of the excitation laser
through the nanowire array was efficiently blocked. The scatter-
ing noise was filtered by a band-pass filter (BPF), following by a
70 mm focal length lens, which was used to excite the sample at
a Brewster angle 6, =~ 50°. The luminescence from the sample
was collected by the focusing lens and filtered by a couple of fil-
ters that consisted of a long wave pass filter (LWPF) and a short
wave pass filter (SWPF) before entering the spectrometer detec-
tor (Avantes AvaSpec-2048TEC). The time-resolved PL decay
traces were recorded by using a time-correlated single-photon
counting system (PicoQuant GmbH). The PL measurement preci-
sion in our experiments for the samples with multilayered do-
nor QDs reaches about 3% error range due to the high sensitiv-
ity of the detector and the strong PL signal from the assembled
QDs.

Computational Simulations. The computational simulations were
performed by using the FDTD method with perfectly matched
layer (PML) boundary conditions. The cell size was 2 X 2 X 4 nm?,
The nanowires were hexagonally arrayed with rod diameter =
50 nm and spacing = 100 nm. The refractive index of the ma-
trix was 1.61, and the complex dielectric constants of the Ag
were taken from Palik’s handbook.>
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