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Based on nanoscale photopolymerization triggered by the dipolar surface plasmon mode, we

developed a light-emitting gold nanoparticle/Eosin Y-doped polymer hybrid nanostructure. Due to

the anisotropic spatial distribution of the dipolar surface plasmon mode during photopolymerization,

this nano-emitter is anisotropic in both geometry and emission. The trapped dye molecules in the

hybrid nanostructure display fluorescence intensity that is dependent upon the polarization of the

incident excitation light. This nano-emitter further allows the photo-selection of fluorescence

configuration (i.e., molecule concentration and refractive index of active medium) by controlling the

incident polarization. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4861898]

The field of hybrid plasmonics has made significant con-

tributions to our understanding of interactions between met-

als and other materials in the sub-wavelength regime. The

metal nanostructure that supports surface plasmons can be

combined with other materials such as semiconductors,1,2 or-

ganic dyes,3–5 biomolecules,6 and inorganic components.7,8

Such a hybrid configuration benefits from the different prop-

erties of each of its constituents for fascinating applications

such as biological and chemical sensors,9–11 hybrid nanopar-

ticles with widely tunable plasmon resonances,12–14 as well

as metal/fluorophore nano-emitters (NEs).15,16

Many different processes have been developed for syn-

thesizing a hybrid configuration. Typically, a layer of dye

molecules is coated homogeneously on the entire sample of

the metallic nanostructures,5,17,18 and the emission of mole-

cules that are distributed in the vicinity of the nanoparticles

are significantly modified. Biomolecules such as DNA

chains can also be applied to bind fluorophores close to metal

nanoparticles (MNPs).19,20 Moreover, homogeneous dye-

doped-shells can be fabricated to surround the nanoparticles

to form a core/shell configuration.15,21 All of these

approaches provided good results in the reported studies.

However, for the case of NEs, the homogeneous dye distri-

bution prevents the photo-selection of any specific fluores-

cence configuration (defined as molecule population and

refractive index of active medium in this Letter) of the

hybrid NE using the polarization of incident light, unless dif-

ferent plasmon modes of the MNP are excited.21 In other

words, integration of the active medium has been so far iso-

tropic. An anisotropic hybrid plasmonic NE based on the

inhomogeneous spatial distribution of the active medium has

not yet been reported.

In this Letter, we present a light-emitting hybrid plas-

monic nanostructure with an anisotropic dye-containing pho-

topolymer nanostructure surrounding the gold nanoparticle

(GNP) in order to make the fluorescence controllable by

incident polarization. This idea was recently suggested in a

patent.22 The present Letter reports an experimental demon-

stration. To confirm the anisotropic nature of our gold/poly-

mer hybrid system, gold nanospheres were used in this

study. The hybrid system was characterized with atomic

force microscopy (AFM) and fluorescence spectroscopy. By

rotating the polarization of the excitation light, different fluo-

rescence configurations of the NE can be photo-selected,

resulting in different fluorescence intensities.

An aqueous solution of gold nanospheres with diameters

of about 70 nm and a concentration of 4.8� 1012 l�1 was

synthesized following a seed-mediated method introduced

by Murphy and coworkers.23 To recognize a certain nanopar-

ticle from the numerous randomly distributed colloids, gold

landmarks were fabricated on the glass substrate by

electron-beam lithography. The substrate with landmarks

was then functionalized by 3-aminopropyltriethoxysilane.

Afterwards, the substrate was dip-coated in the gold colloids

for 1.5 h. It was then rinsed with deionized water and dried

with air. Fig. 1(a) shows a region of the sample characterized

by AFM. The area within a pair of L-shaped landmarks is

5.5� 5.5 lm2. Fig. 1(b) shows an example of the scattering

spectrum of a single gold nanosphere selected. It presents a

peak at 580 nm.

The light-emitting GNP/polymer hybrid nanostructure

was fabricated based on a nanoscale photopolymerization

process that was triggered by the surface plasmon-enhanced

local optical electromagnetic field.24–28 The radical-free
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photopolymerizable solution utilized for the photopolymeri-

zation was made up of 96 wt. % pentaerythritol triacrylate

(PETIA), 4 wt. % methyldiethanolamine (MDEA), and 0.5

wt. % Eosin Y (EY). The solution has a threshold dose for

photopolymerization, so that polymer structures can be

selectively integrated in the vicinity of metal nanosphere

where the local dose related to the optical near-field exceeds

the threshold via plasmon enhancement. After being coated

with the polymerizable solution, the nanoparticle sample

was irradiated by a k0¼ 532 nm linearly polarized laser. The

incident dose was set at 70% of the threshold to prevent pho-

topolymerization in the far-field. Along the polarization

direction in the vicinity of the nanoparticles, the local field

was enhanced by the excited surface plasmon to exceed the

polymerization threshold. After irradiation, the unpolymer-

ized solution was removed by rinsing with chloroform and

isopropanol. The nano-object was characterized by AFM

before and after the photopolymerization. The difference

between AFM images taken before and after the photopoly-

merization highlights the polymer structures of the hybrid

NE. Fig. 2(a) shows a typical differential AFM image of a

unique hybrid structure. It is obtained from the AFM image

that is collected before the photopolymerization subtracted

from the image taken after the procedure. The integrated

polymer nanostructures are highlighted and the shadow

in the center corresponds to the initial gold nanosphere.

Fig. 2(b) illustrates the cross-section profiles of the differen-

tial AFM image of the hybrid nanostructure along X-axis

(dashed blue line) and Y-axis (solid red line) across the

spherical center. The two peaks of the Y-axis profile repre-

sent the integrated polymer whose size can be read from the

profile (15 nm on average). As is pointed out by the arrow,

the valley between the peaks corresponds to the position of

the initial gold nanosphere. According to the profile along

the X-axis, some residual features from the polymerizable

solution can be found on the substrate. They have, however,

a height much lower than the integrated polymer structures.

Fig. 2 well illustrates the anisotropic nature of the

EY-containing active medium integrated to the isotropic

gold nanosphere. It should be stressed that this anisotropy is

the reflection of the anisotropy of the plasmon dipolar mode

used for photopolymerization.25

EY molecules outside of the polymer nanostructures

were mostly removed by rinsing, while those in the volume

of the plasmon field were trapped in the polymer. The dipo-

lar distribution of the EY-doped polymer makes the hybrid

nanostructure an anisotropic NE that allows photo-selection

of fluorescence configuration by the polarization of excita-

tion light. With an excitation wavelength of kex¼ 514 nm,

fluorescence signals from EY were collected from the hybrid

structure whose profile is in Fig. 2. An inverse microscope

with an objective of 40� /0.6 NA was utilized for both exci-

tation and collection. The diameter of the incident laser

beam at the focus was about 1 lm. A band-pass filter was

FIG. 1. (a) AFM image of a 5.5� 5.5 lm2 region of the sample and (b) scat-

tering spectrum from an individual gold nanosphere.

FIG. 2. (a) Differential AFM image of a unique GNP/polymer hybrid struc-

ture. The diameter of the gold nanosphere is 70 nm. E0 illustrates the polar-

ization of incident laser for photopolymerization. (b) The cross-section

profiles of the differential AFM image across the center of the nanosphere

along X (dashed line) and Y (solid line) axes.
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used to select the emission in the 530–570 nm range and sub-

sequently focused into a spectrometer.

To demonstrate the polarization-dependent emission sig-

nal of a unique NE, two different incident polarizations,

along the X-axis and Y-axis, were utilized. Correspondingly,

we define the fluorescence spectra (see also the schemes in

Fig. 3):

� Sx: fluorescent signal excited with an incident polariza-

tion along the X-axis (Fig. 3(a)). The near-field is per-

pendicular to the dye-doped polymer lobes.

� Sy: fluorescent signal excited with an incident polariza-

tion along the Y-axis (Fig. 3(b)). The near-field overlaps

with the polymer.

Four positions of dye molecules were considered (see

Fig. 3): (1) molecule one constitutes reference signal (RF)

far from the nanostructure (i.e., emitters far from the plas-

monic nano-sources); (2) outside the polymer but close to

the nanoparticle; (3) inside the polymer and can be enhanced

by applying either X or Y incident polarization; and (4)

inside the polymer and can be activated by the near-field

only with Y polarization. The concentration of molecules at

positions 3 and 4 is higher than positions 1 and 2. Let us

point out that molecules 1 and 2 are expected to be rinsed

out and their presence is thus unlikely.

Fig. 4(a) illustrates the fluorescence of EY molecules

from a single NE under the two different incident polariza-

tions. The acquisition time for each spectrum was 15 s. The

spectra were collected in a chronological order of a-b-c in

the legend. In other words, we started with an incident polar-

ization along X-axis (aSx). Emission of EY molecules at

positions 2 and 3 can be enhanced by the plasmon near-field.

Then an incident polarization along the polymer lobes (bSy)

was used. In this situation, molecules at positions 3 and 4 are

excited by the near-field. To reproduce the result, the

polarization was rotated back to X-axis (cSx). We oriented

the sample by 90� to “rotate the incident polarization” in

order to avoid any difference arisen from the polarization

sensitivity of the optical system. Signals from the substrate

(2-lm away from the NE, represented by position 1) were

collected as a reference (RF).

Fig. 4(a) provides three primary pieces of information

about the NE. First, the reference signal (RF) has an intensity

of 68 counts. This indicates that some EY molecules (labeled

“1” in Fig. 3(a)) remain on the substrate despite the rinsing

process. However, as will be discussed in Fig. 4(b), these

molecules do not contribute to the anisotropic fluorescence

of the NE. Second, the Sx signal collected from the NE (115

counts) is significantly higher than the RF. Considering the

concentration of dye molecules at position 2 is same as that

of position 1, illustrated in Fig. 3, this 1.7-times enhance-

ment is likely to be resulted from the modification of

fluorescence by a GNP. Such a low enhancement has been

observed in some other studies based on simple MNPs.29,30

In our study, it is due to the weak coupling of incident

excitation field and emission wavelength to the plasmon

resonance of dipolar mode of the gold nanosphere. Let us

point out that molecule 3 contributed as well to this enhance-

ment. Third, we obtained from the NE a Sy (170 counts)

FIG. 3. Scheme of the two configurations for fluorescence signals from the

NE (a) Sx, with an incident polarization along the X-axis and (b) Sy, with an

incident polarization along the Y-axis.

FIG. 4. (a) Fluorescent signals from the NE collected with different incident

polarizations. The reference signal (RF) was collected 2-lm away from the

NE on the substrate. Positions of molecules involved are identified by the

numbers 1, 2, 3, and 4. (b) Differential fluorescent spectra of “Sy-Sx” for

both NE and RF.
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higher than Sx. The anisotropy of our hybrid NE can be

described by the ratio of RF-corrected fluorescence inten-

sities. (Sy � RF)/(Sx � RF) � 2.2. This ratio results from the

larger number of molecules (molecules “4” mainly involved)

that are excited when the incident polarization produces a

near-field that overlaps the dye-doped polymer. Besides, the

anisotropy of the NE can be highlighted by comparing the

differential spectra “Sy-Sx” (Fig. 4(b)) on the NE and on the

substrate. Let us point out that signal from molecule 3 has

been canceled out in the differential spectrum, because it

contributed in the same way for both Sx and Sy. The refer-

ence fluorescence signal shows no polarization dependence,

while a positive result from NE indicates the polarization

sensitivity of the anisotropic hybrid NE.

Our NE has a complex configuration with an anisotropic

distribution of dye-doped polymer. We performed a simple

yet representative calculation based on Mie theory on the

normalized fluorescence intensity I/I0 for a single molecule,

with I0 and I the fluorescence intensity of a single molecule

in free space and close to a MNP, respectively. An average

molecular orientation was adopted because the local dipole

orientation was not controllable in our experiment. More

details regarding the calculation can be found in

references.31–34 The calculation was performed in an iso-

tropic medium of n¼ 1.48, corresponding to the thin organic

shell (n¼ 1.48) surrounding molecules 1 and 2 despite rins-

ing, and polymer structures (n¼ 1.52) that host molecules 3

and 4. The calculated map of the normalized fluorescence in-

tensity is shown in Fig. 5, with cross-sections in the (a) XZ

plane and (b) XY plane across the particle center.

The calculation demonstrates the anisotropy introduced

by the excitation field. The maximum fluorescence poles tilt

towards the positive Z-axis due to the slight excitation of quad-

rupolar plasmon modes. The cross-section in XY plane (Fig.

5(b)) shows that the maximum fluorescence poles oriented

along the incident polarization. The calculated normalized flu-

orescence intensity presented a maximum of 1.45. The experi-

mental results of “NE Sx/RF¼ 1.7” and “NE Sy/RF¼ 2.5”,

however, indicate extra-enhancements that come mainly from

(i) the higher molecule concentration within the polymer

nanostructures (positions 3 and 4) than on the substrate (posi-

tions 1 and 2), which is not yet included in the model and (ii)

the overlapping of plasmon field with the higher concentration

of dye molecules. The theoretical calculation thus helps in

confirming the anisotropy of our hybrid NE.

To sum up, we report in this Letter a spatially aniso-

tropic nano-emitter produced via photopolymerization that is

triggered by the dipolar plasmon enhancement of the electro-

magnetic near-field supported by a gold nanosphere. Greater

fluorescence was reproducibly detected with an incident

polarization along the long axis of the hybrid nano-emitter

than that along the short axis. The fluorescence intensity is

highly controllable with the polarization of the excitation

laser. These results have been reproduced for many 70-nm

diameter gold spheres. Calculations further support the spa-

tial anisotropy of the emission and quantitate the rate of

emission enhancement as a function of the dye molecule-

metal surface distance. These results demonstrate the poten-

tial utility of a spatially anisotropic hybrid nano-emitter for

nanophotonics applications.
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