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We report the fluorescence lifetime imaging and quantum yield measurement of five different

fluorescence dyes spanning different quantum yield and excitation wavelength ranges in solution as

well as on irregular nanoplasmonic substrate surface. Due to a distribution of dye molecules at

random distances and orientation to the metal nanoplasmonic structure, the dyes showed

multi-component lifetime decays on the surface. We have simulated the distribution of lifetime on

the surface based on fractional intensity relative to steady-state value and derived an average lifetime

with species fraction. From the quantum yield and fluorescence lifetime measurements we calculated

the modified radiative and non-radiative decay rates for the dyes due to energy coupling on the

substrate. We measured up to 100 fold fluorescence enhancement on nanoplasmonic substrate, and

all molecule fluorescence showed not only considerably higher radiative decay rate but also higher

non-radiative decay rate. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4736575]

For a spontaneous emission process, the rate of transition

from an excited state k to another state l can be calculated

using Fermi’s golden rule, which can be written as

wkl ¼ 2p
�h q Ek�El

h

� �
jMklj2. Mkl is the transition matrix element

between the excited and lower energy state. The value of Mkl

is determined by the wavefunctions associated with those lev-

els. q Ek�El

h

� �
¼ qð�Þ is the density of states at the transition

frequency, � ¼ Ek�El

h ; qð�Þ is also known as the photonic

mode density (PMD)—the number of photon modes available

at the frequency �.1 Hence, the rate of fluorescence emission

can be influenced by changing qð�Þ.2 Increasing PMD leads

to faster decay rates.3 For instance, a fluorophore close to a

metal nanoparticle or surface can experience an increase in

the PMD available for spontaneous emission at a particular

frequency, �, shortening the natural radiative lifetime. In addi-

tion, the proximity of a metal particle or surface can increase

the magnitude of the impinging electromagnetic field sur-

rounding a fluorophore, thereby increasing the rate of absorp-

tion (or stimulated emission). The latter also increases the

measured fluorescence intensity by increasing the rate of

forming excited molecules for a certain impinging light inten-

sity.1,3 This modification in the emission properties of a fluo-

rophore in close proximity to metals is known as surface

enhanced fluorescence (SEF)4 or metal enhanced fluorescence

(MEF). It can be used to increase the signal level when imag-

ing fluorescent molecules. As a result the long time stability

of dyes is increased because the rate of leaving the excited

state is faster (lowering the relative probability of going to the

triplet state, decreasing the rate of photolysis). In addition, the

limit of detectable concentrations for many fluorescent materi-

als will become lower.5,6

The enhancement of fluorescence due to the augmenta-

tion of electric field near a metal nanostructure is attributed

to two different mechanisms: (1) an increase in the excitation

field due to the reflection of the excitation light and also redi-

rection of the emitted light by the metal surface toward the

objective lens increasing the collection efficiency (mirror

effect)7 and (2) surface plasmon resonance at the surface of

the metal nanostructure brought about by the electric field of

the incident light interacting with the free electrons on the

surface of the metal.6 If the Frohlich condition is met, maxi-

mum polarizability and resonance will occur resulting in the

amplification of the near field both inside and outside of the

nanostructure.6 The enhanced excitation of the fluorescent

molecule is due to the amplification of near field outside of

the nanostructure.8,9 The degree of interaction (transfer of

energy) between the metal and fluorophore depends strongly

on the distance between the dye and the surface as well as

the overlap between the scattering spectra of the surfaces

and the absorption/emission spectra of fluorophore (for better

enhancement due to surface plasmon resonance).10 When the

fluorophore is too close to the metal surfaces (<5 nm) a

damping of the oscillation of the molecule’s dipole may

occur that generally leads to fluorescence quenching (usually

this has a d�3 dependence where d is the distance between

the metal surface and dye molecule).11

a)M. R. Gartia and J. P. Eichorst contributed equally to this work.
b)Electronic mail: rclegg@illinois.edu.
c)Electronic mail: loganliu@illinois.edu.

0003-6951/2012/101(2)/023118/5/$30.00 VC 2012 American Institute of Physics101, 023118-1

APPLIED PHYSICS LETTERS 101, 023118 (2012)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

192.17.145.124 On: Sun, 16 Feb 2014 06:22:41

http://dx.doi.org/10.1063/1.4736575
http://dx.doi.org/10.1063/1.4736575
http://dx.doi.org/10.1063/1.4736575


Another issue of the emission process is whether the

observed fluorescence is emitted by the fluorophore or by the

surface plasmon. In the process known as radiative decay en-

gineering (RDE), the fluorophore resonantly interacts with

the metal nanostructure resulting in enhanced fluorescence

being emitted by the fluorophore itself.12 Observation of

directional emission from a fluorophore at short distances

prompted the idea of surface plasmon coupled emission

(SPCE), where non-radiative energy transfer occurs from an

excited fluorophore to surface plasmon electrons in the me-

tallic nanostructure. Under certain boundary conditions, radi-

ation is thought to be emitted by surface plasmons.13

Although the coupling between fluorophores and nano-

structures with simple geometries is relatively well under-

stood, the fluorescence emission patterns of more complex

nanostructures, such as percolated or roughened metallic thin

films, are under active investigation.4 For example, on an

irregular corrugated metallic structure, the surface plasmon

wave vector behaves differently than the Bragg-scattered

bound-mode features on a grating. For a grating with periodic-

ity a, the surface plasmon wave vector is k0sp ¼ ksp

6 ngB ¼ ksp 6 nð2p=aÞ, where ksp is surface plasmon (SP)

wave vector at the metal-air interface and gB is the grating or

Bragg wave vector.4 The periodic grating structure imposes a

very strict condition on photon momentum for coupling to

SPs (hence usually both coupling as well as emission can only

occur at certain angles), whereas a random nanostructure

relaxes this condition allowing broadly distributed angles for

coupling to SPs. In addition, the randomness of the structure

leads to the possibility of strong constructive interference of

SPs at certain locations which will give rise to very high elec-

tromagnetic fields (“hot spots”), also known as Anderson

localization.14,15 Hence, the resulting electric field associated

with SPs is expected to be more intense for the case of ran-

dom metallic nanostructure as compared to smooth metal sur-

face or glass substrate. This provides additional enhancement

for the excitation field and consequently greater fluorescence

enhancement.

Determining different decay rate constants (radiative

and non-radiative pathways of deactivation) requires meas-

uring both the lifetimes and quantum yields on the surface.

Although both the lifetime and the quantum yield of a fluoro-

phore conjugated to nanoparticles have been measured,16–19

only the lifetime of the fluorophore has been measured on

the surface of substrate.20–22 This is because the quantum

yield of the fluorophore is generally measured by using the

methods of Williams and Winfield,23 where the absorbance

and emission of the dyes are compared with that of a known

reference compound. However, when the samples signifi-

cantly scatter light, the photons scattered by the structure

will be further absorbed by the dyes and will give rise to

additional light emission leading to overestimation of the

quantum yield rendering the previously described method in-

valid.24 Therefore, we have measured the fluorescence life-

time (with fluorescence lifetime imaging microscopy

(FLIM)) and the quantum yield of five different dyes free in

solution as well as on irregular nanoplasmonic substrates.

We have chosen the dyes to span different quantum yield

ranges (low, medium and high) and also different excitation

wavelength ranges (blue, green).

Figure 1(a) shows the bright field image of the prepared

nanoplasmonic substrate. After a photolithographic step to

prepare the square pattern, the nanopillar structures are cre-

ated inside the square area using a mask-less ICP-RIE pro-

cess (inductively coupled plasma-reactive ion etching) with

a mixture of HBr and O2 gases. Figure 1(b) presents the

angular view (30�) SEM image of the nanostructure region

after metallization (80 nm Ag) to render the structure with

plasmonic property. For all the experiments 5 ll of 10 lM

dyes (which typically makes a drop of about 3 mm diameter)

are dropped on to the surface covering several square pat-

terns. The FLIM system used is shown in Fig. 1(c). Since the

modulation of the lifetime is nonlinearly dependent on the

distance from the metal surface22 and fluorophores are ran-

domly distributed on the metallic nanostructure, we expect a

distribution of lifetime component on the nanoplasmonic

substrate instead of a single lifetime component. Figure 1(d)

shows an example of exponential decays for two different

distances “d” from the metal nanostructure surface. The life-

time of single fluorophore in direct contact (d¼ 0) to the

metal surface is zero and increases non-linearly with increas-

ing distance from the metal surface reaching asymptotically

the free fluorophore (without metal surface) lifetime.22 The

polar plot is shown in Fig. 1(e) where the positions of life-

times for free solution and those on nanoplasmonic substrate

are shown. The data points on the polar plot, in this case due

to a multi-component decay kinetics of fluorophore on nano-

plasmonic surface, lie inside the semicircle of the polar plot

FIG. 1. (a) Bright field image of the nanoplasmonic sub-

strate. The square region contains the nanostructure. (b)

Angular (30�) SEM image of the nanostructure region after

80 nm Ag deposition. (c) Schematic diagram of FLIM exper-

imental set-up. (d) Schematic of lifetime distribution of dyes

(IðtÞ ¼
Pn

i¼1 ai expð�t=siÞ, ai are the amplitudes and si are

the lifetimes) on nanoplasmonic substrate. Here, “d” is the

distance of the dye from the nanoplasmonic substrate. (e)

Sketch of polar plot and lifetime distribution for the popula-

tion of dyes on nanoplasmonic substrate. Here, / is the

phase corresponding to lifetime component.
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as shown in Fig. 1(e). Except for emission of a molecule that

is excited via an excited state reaction, polar plot points due

to a distribution of lifetime values will always lie inside this

semi-circle.

Five different dyes, Rhodamine6G or R6G (kex¼ 532 nm),

Fluorescein (kex¼ 440 nm), Acridine Orange (kex¼ 440 nm),

Rhodamine-B (kex ¼ 532 nm), and Eosin-Y (kex¼ 532 nm) are

chosen to cover different quantum yields and ranges of excita-

tion wavelength (kex). The quantum yields for the dyes are

determined experimentally using R6G as a reference with a

known quantum yield QR � 0:90 in aqueous media.25 The

quantum yield was calculated as23 Q ¼ QR
I
IR

ODR

OD
n2

n2
R

, where Q
is the quantum yield, I is the fluorescence intensity integrated

over the wavelengths of emission, OD is the optical density,

and n is the refractive index; the suffix R indicates the refer-

ence (R6G). Figure 2(a) shows a typical absorbance and fluo-

rescence measurement for Rhodamine-B (Rh-B) used for a

quantum yield calculation (results for other dyes can be found

in supporting information). The phase delay and modulation ra-

tio of the dyes free in solution are detected using a frequency-

domain FLIM system. In this paper, the modulation ratio and

phase delay are projected as coordinates on the polar plot.26,27

The measured lifetime of the dyes are reported in Table I and

are comparable to those reported in the literature. Using the

quantum yield and lifetime data, the radiative and nonradiative

decay rates of the fluorophore in free solution were calculated

as: C0 ¼ Q0=s0 and ðknrÞ0 ¼ 1
s0
� C, the results are shown in

Table I. We modified Nikon E600FN microscope set up to

measure the quantum yield of dyes on the nanoplasmonic sub-

strate. The camera of the microscope was replaced by a spec-

trometer (B&W Tek Inc.), and the emission filter was removed

to register both the excitation as well as emission spectra dur-

ing the experiment.

The absorption and emission spectra of the Rh-B on the

nanoplasmonic substrate are shown in Fig. 2(b). The emis-

sion spectrum of the surface without dye (black curve) is a

measure of the difference between scattering intensity and

absorption intensity by the surface ðIscat � Iabs;nanopillarÞ. The

spectrum for surfaces with the dye (red curve) is due to the

combination of absorption and emission spectrum from the

dye. The absorption part of spectrum is a result of scattering

from the surface and dye lowered by absorption by the sur-

face and by the dye, ðIscat þ Iscat;dye � Iabs;nanopillar � Iabs;dyeÞ.

The emission spectrum ðIem;dyeÞ describes the fluorescence of

the dye on the surface. The difference between integrated

area of absorption spectra with and without the dye corre-

sponds to the relative intensity of absorption by the dye on

the surface (Iabs;dye) neglecting the scattering from the dye.

The integrated area of the emission spectrum is a measure of

total emission intensity by the dye while on the surface

(Iem;dye). Hence, we can estimate the quantum yield of dye on

the surface from the ratio of emission intensity of the dye to

the absorption intensity of the dye (Qmod ¼ Iem;dye=Iabs;dye).

Figure 2(c) shows the fluorescence intensity image of

Rh-B on the nanoplasmonic substrate. The intensity showed

typical spatial heterogeneity with several brighter spots due

to “hot spots” of the substrate. The phase-sensitive images of

frequency domain FLIM were used to calculate the apparent

phase (sU) and modulation (sM) lifetimes. Also, the polar

plot coordinates for the Rh-B FLIM data on the nanopillar

substrate are shown in Fig. 2(d); the data clearly moved to-

ward the region of lower lifetimes on the polar plot as com-

pared to the dye free in solution. Figure 2(e) compares the

fluorescence spectroscopy result for Rh-B on nanoplasmonic

and glass substrate. The ratio between integrated fluores-

cence intensity of Rh-B on nanoplasmonic substrate and that

on glass substrate provides an estimate for the fluorescence

enhancement (far field) experienced by the dye. The fluores-

cence enhancement for Rh-B was measured to be 5.13 on the

nanoplasmonic substrate. The maximum enhancement factor

observed for various dyes are reported in Table I. The signal

enhancement can be explained by the radiative conversion of

energy transferred from the dyes to SPs. On glass substrate,

the energy transferred from the dyes only dissipates in the

glass and cannot be detected. On the other hand, roughened

metal nanostructure enhances the light scattering and allow

the efficient coupling between light and SPs. Thus, the

energy transferred from the dye to metal surface can be

recovered by the re-radiation by the SPs.28

Figures 3(a) and 3(b) shows the spatial distribution of the

effective lifetimes derived from the measured phase delay sU

and modulation ratio sM from the nanoplasmonic substrate,

respectively. The corresponding histograms of phase delay for

free solution and dye on nanoplasmonic substrate are shown

in Figs. 3(c) and 3(d). For a multiexponential decay process,

the apparent phase lifetime is shorter than the apparent

FIG. 2. (a) Absorbance and fluorescence spectra for Rh-B

in aqueous solution. (b) Emission spectra of the Rh-B on

the nanoplasmonic substrate. (c) Fluorescence intensity

image of Rh-B on the nanoplasmonic substrate. The

increase is fluorescence intensity on the nanoplasmonic

substrate (square region) compared to surrounding smooth

metal (Ag) region is apparent. (d) Polar plot representation

of lifetime for Rh-B in free solution (Petri Dish) and on

nanoplasmonic substrate (Nanopillar). (e) Comparison of

the fluorescence spectroscopy result for Rh-B on nanoplas-

monic substrate and on glass substrate.
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modulation lifetime.29 The lifetimes determined from both the

phase delay and modulation ratio were found to be reduced on

the nanoplasmonic substrate. The observation of sU < sM

(shown in supplementary figures) is consistent with a multiex-

ponential decay on the nanoplasmonic substrate.

The data collected on the FLIM system was analyzed

with a set of simulations on the polar plot. All simulations

performed on the polar plot were based on the analysis of

fractional intensities on the polar plot. When the phase delay

ð/TOTÞ and modulation ratio ðMTOTÞ are projected as a polar

coordinate, variations of the fractional intensities ðaÞ in the

fluorescent species can easily be monitored. In other words,

for a complicated fluorescent sample, the contribution of each

constituent fluorophore’s emission to the measured steady-

state intensity ðaiÞ determines the position of the polar coordi-

nate of the sample relative to the polar coordinates of the con-

stituent contributing fluorescence species ðiÞ with the

following equations: x ¼
P

iaiMi cosð/iÞ ¼ MTOT cosð/TOTÞ,
y ¼

P
iaiMi sinð/iÞ ¼ MTOTsinð/TOTÞ:

In the above equations, ðMiÞ is the modulation factor

associated with lifetime component ðiÞ and ð/iÞ is phase cor-

responding to lifetime component ðiÞ. Mi ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þðxsiÞ2
p .

/i ¼ tan�1ðxsiÞ. The resulting polar coordinate of a sample

characterized by many single lifetimes must lie inside the

universal semi-circle.26,27 The extent to which the polar

coordinate generated by a large distribution of lifetimes lies

inside the semi-circle depends on the intensity weighting of

the fractional intensities of the single lifetimes in the distri-

bution. A graphical representation of such distributions is

presented on the polar plot (Fig. 4(a)). In this work, polar

plot data were simulated as a set of two Gaussian lifetime

distributions (Fig. 4(b)). As shown, there was a definite

decrease in lifetime accompanied by an increase in fractional

intensity, consistent with metal-enhanced fluorescence (Fig.

4(a)). The measured polar coordinates for the nanopillar,

smooth silver film, and background were used in the simula-

tions (Fig. 4(c)).

The measured quantum yield of Rh-B on the nanopillar

surface was 86%, which was a 2-fold increase from the value

in solution. Generally, the quantum yield of a fluorophore

reflects a competition between radiative and non-radiative

decay processes, and the natural radiative rate does not

change.3 The lifetime of a fluorophore is the average time an

ensemble of molecules remains in the excited state; therefore,

the lifetime is influenced by all the de-excitation pathways—

fluorescence, dynamic quenching, non-radiative decay, energy

transfer, etc.—that are available for exiting the excited state.

The shortened lifetime on the surface can be explained by the

fact that the proximity of the metal provides an additional

pathway of de-excitation, which increases the rate at which

the molecule will leave the excited state.

The modified decay rates on the surface are calculated

from the quantum yield and lifetime measurement as

Cmod ¼ Qmod=smod and ðknrÞmod ¼ 1
smod
�Cmod. The modified

decay rates are reported in Table I. The increased quantum

yield on the surface is primarily due to increase in radiative

decay rate for Rh-B. For the high quantum yield dyes in free

solution, the ratio of radiative to non-radiative decay rates

(r) are usually greater than 1 (e.g., rFluorescein ¼ 19:0;
rR6G ¼ 9:0). The ratios for other dyes in free solution with

lower quantum yield are less than 1 (rAO ¼ 0:41; rEY ¼ 0:46;
rRh�B ¼ 0:70). However, on nanostructure the ratio of radia-

tive to non-radiative decay rates is always greater than 1 for all

the dyes. The largest change in quantum yield was found for

Eosin-Y where the quantum yield increased by 2.67 fold from

that in free solution dye. However, the fluorescence enhance-

ment for Eosin-Y measured on the nanosctructure as compared

to glass substrate was the lowest. The variation of fluorescence

enhancement is highly non-linear and did not necessarily fol-

low any discernable trend. In general, the enhancement

decreases with increasing non-radiative decay rate.30

In conclusion, we measured the steady-state fluorescence

to determine the quantum yields and we used frequency-

domain FLIM to determine the time-dependent decay of five

TABLE I. Fluorescence lifetime analysis: Inano, fluorescence intensity on the nanoplasmonic structure; Iglass, fluorescence intensity on glass substrate; EF,

fluorescence enhancement factor.

Fluorophore s0 (ns) Q0 C0 (s�1) ðknrÞ0 (s�1) smod (ns) Qmod Cmod (s�1) ðknrÞmod (s�1) EF (Inano/Iglass)

R6G 4.11 0.90 2.19� 108 2.43� 107 0.219 0.992 4.52� 109 3.65� 107 20.5

Fluorescein 4.38 0.95 2.17� 108 1.14� 107 0.182 0.991 5.45� 109 4.84� 107 100

Acridine Orange 2.04 0.29 1.42� 108 3.48� 108 0.443 0.753 1.70� 109 5.58� 108 8.34

Rhodamine-B 1.67 0.41 2.46� 108 3.53� 108 0.104 0.857 8.20� 109 1.37� 109 5.13

Eosin-Y 1.31 0.32 2.42� 108 5.21� 108 0.277 0.845 3.05� 109 5.60� 108 4.3

FIG. 3. (a) Fluorescence phase lifetime image of Rh-B on nanoplasmonic

substrate. (b) Fluorescence modulation lifetime images of Rh-B on the nano-

plasmonic substrate. (c) Histogram for lifetime measurement of Rh-B in free

solution. (d) Histogram for lifetime measurement of Rh-B on nanoplasmonic

substrate.
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different dyes in free solution as well as on irregular nanoplas-

monic substrate. We obtained a surface fluorescence enhance-

ment of �100 folds for fluorescein on the nanoplasmonic

substrate compared to that on glass. The results provide a way

to determine the quantum yield of dyes on highly scattering

surfaces and analyze lifetime data for the population of fluoro-

phores randomly distributed on a nanoplasmonic substrate.
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FIG. 4. Descriptions of life time simulations. (a) The prin-

ciple components of the distributions of lifetimes are dis-

played as a function of fractional intensities. An

exponentially decreasing set of lifetimes as function of

fractional intensities (far left panel) is combined with

Gaussian distributions (middle two panels) each represent-

ing the smooth-silver and nanopillar separately to deter-

mine the final distribution (far right panel). (b) A three

dimensional view of the general profile of the simulated

distributions is presented on the polar plot. The color hue

represents an increasing fractional intensity (blue to red).

(c) These measured polar coordinates were applied to the

simulations to establish the locations of the nanopillar and

smooth silver film distributions. Background was factored

in separately.
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