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Abstract

We investigate picosecond-resolved energy transfer between a quantum dot (donor) and an
organic molecule (acceptor) in the proximity of a reflecting metallic/non-metallic surface. We
demonstrate experimentally that the Forster resonance energy transfer (FRET) is significantly
influenced by the proximity of the mirror. Locating a cadmium selenide quantum dot (donor:

D) attached to an organic dye merocyanine (acceptor: A) at well-defined positions from the
reflecting silver/silicon surface allows the transfer rate to be determined as a function of
distance from the surface. An attempt to fit the experimental data to a model relying upon the
change of the apparent energy transfer rate due to interference of direct and reflected light
waves reveals reasonably good results. The results show that the observed FRET rate in a D—A
pair on the mirror surface is oscillating in nature, providing information for the measured
energy transfer, which could be potentially different from that of the actual transfer due to

optical interference.

1. Introduction

The efficiency of a photon source is heavily dependent
on its immediate environment [1-4]. A precise control
over the excited state lifetime and emission quantum
yield of organic dyes and inorganic quantum dots (QDs)
involving fundamental physics of light-matter interactions
is important to a number of branches of science [5-7].
Energy migration from a photon source through resonant
dipole—dipole interaction (RDDI) is found to be an important
way to control the emission property of the sample [8, 9]. The
most important natural example of the utilization of RDDI is
photosynthesis [10]. The process is of increasing importance
as a means of improving functionality and efficiency of
organic material based LED [11] and laser devices [10, 12].
For a practical use of a photon source under RDDI (an
energy donor (D) in the proximity of an acceptor (A)) several
situations can be considered. The D-A pair may be confined
in a microcavity [8, 13]. It has been demonstrated that the
Forster resonance energy transfer (FRET) in the D—A pair
is heavily influenced by the photonic mode density [8]. By
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locating D and A molecules at well-defined positions, [8] the
study shows the transfer rate to be determined as a function
of both mutual separation and cavity length. Sometimes
the proximity of highly conducting noble metals (Ag, Au)
to the D/A molecules may lead to an extra channel for
the deactivation of the D molecules through photon—surface
plasmon interaction [14, 15]. In a recent study [16], we have
shown that the non-radiative energy transfer from the emitting
semiconductor QDs to the plasmonically active silver surface
is FRET type rather than the well known nano-surface energy
transfer (NSET) type.

The proximity of the D—A pair beyond the distance (d >
A/10) of the plasmonic interaction from the metal surface
may not arise in some cases. In that case, the following
two situations may arise. Firstly, if the D—A pair is within
a distance of 25 nm from the metal surface, the D—-A may
be considered to be in a half optical cavity [8]. In that case,
FRET is expected to be affected by the local density of the
photonic mode (PMD). Secondly, if the location of the D—A
pair is beyond 100 nm from the metallic reflective surface,
there would be a negligible effect of either PMD or plasmonic

© 2012 IOP Publishing Ltd Printed in the UK & the USA



Nanotechnology 23 (2012) 495402

S Batabyal er al

520 560 600
Wavelength (nm)

Extn. Coeff (x10H M1 em™

480

Mirror
g2 "9
£ 3 851 ‘} §
2 IR =W
ciol® g /Ny
8 %
gy 75
sk

300 600 900 1200 1500 1800
Distance (nm)

Figure 1. (a) Schematic for the optical interference near the interfaces. The constructive (for d;) and destructive (for d») interference is
shown for a dipole emitter near the reflective mirror. (b) Spectroscopic data for the donor (QDs) and acceptor (merocyanine: MC)
molecules. The shaded region depicts the overlap between QD emission and the MC absorption cross-section. The donor emission is

normalized with respect to the MC extinction coefficient. The overlap integral is estimated to be 5.5 x 10> M~! cm

~! nm* considering the

extinction coefficient of MC (138000 M~! cm™!) at 560 nm. (c) Change in apparent FRET efficiency for the conjugate dipolar system,

QDs-MC, due to the optical interference.

interaction on the rate of FRET. Here, we demonstrate that the
apparent rate of FRET is significantly affected by studying
picosecond-resolved transfer of excitation energy between
QDs and an organic dye at a distance of d > 100 nm from
the metallic surface (figure 1(c)).

The physical mechanism of FRET depends on the D-A
separation, R. When D and A are very close, a virtual
photon initiates the non-radiative energy transfer process and
the pre-requirement for FRET is achieved. On the other
hand, when D and A are far apart (R > A/10), the energy
transfer follows radiative pathways, D—A coupling being
mediated by a real photon [8, 17]. It has to be noted that
dipole—dipole interaction plays a central role in both the above
two processes, the radiative process relies on a dipole far field
while non-radiative transfer proceeds through the evanescent
near field components. The efficiency of FRET from the
excited state donor (D) to the nearby acceptor (A) is expressed
as [17],

R6
= 6—06' (1)
RS+ R
The characteristic Forster distance Ry is defined by [17],

Ro = 0211 x [K2n4®pJ(0)]5 (in A) )

where «2, the orientation factor, is taken to be 0.66 for random
D-A orientation and the value of n (refractive index of the

medium) is supposed to be 1.4. dp, refers to the quantum yield
of the donor system in the absence of an acceptor. The overlap
integral J(A) expresses the degree of spectral overlap between
the donor emission and the acceptor absorption.

In an earlier study, it has been shown that the emission
of the radiation for an excited molecule (atom) in front
of a mirror is significantly influenced [18]. By studying
the fluorescence lifetime of europium-dibenzoylmethene
complex, at various well-defined distances from a silver
mirror, the study has concluded that the change in the
fluorescence lifetime of the dye complex in the interface
between two dielectrics of different refractive indices, is
solely a consequence of optical interference between two
waves (reflected and non-reflected) as shown in figure 1.
Similar studies have also been recently carried out [19-22].
The radiation of an oscillating electric dipole in front of
a mirror and the consequence of the optical interference is
shown in figure 1, where the radiation essentially depends on
the angle of detection (0) as well as the separating distance
(d) between emitter and surface. When the path difference
between the direct and reflected beam is such that constructive
interference occurs, the molecule will radiate strongly in the
direction of observation [18]. As a consequence, amplification
by the interface dipole radiation, is twice the power as without
the mirror (7, = 1/27), where 1, and t are the fluorescence
lifetimes of the molecule in the presence and absence of the
mirror respectively. In contrast, when the path difference is
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Figure 2. (a) TEM images of the CdSe/ZnS QDs. The size distributions of the particles are represented in the inset figure. The particle
diameter was estimated to be 3.8 nm. The inset snapshot represents the HRTEM of the particle with distinct crystal fringes. (b) EDAX
analysis of the QDs revealing the atomic compositions. (c¢) The SEM image of the silver film over the glass substrate.

half a wavelength smaller so that the direct and reflected
beam interferes destructively, quenching of radiation occurs
where the dipole cannot radiate revealing 7, = oo. As the
energy donor—acceptor pair (D-A) is considered as a coupled
oscillating dipole [23], the efficiency of the energy transfer
between a FRET pair in front of a mirror is of importance as
a means of understanding optical radiation from the optical
devices. The absence of appropriate experimental information
so far leaves open the question as to whether apparent FRET
efficiency can be changed by the proximity of a reflecting
surface and this is the motive for the present work. An
experiment consisting of quantifying the quenching by a
FRET acceptor as a function of the distance of the D-A pair
from reflective surfaces is illustrated in our present study.

2. Experimental details

In our experiment, trioctylphosphine oxide (TOPO)-capped
core shell CdSe/ZnS QDs in toluene (Catskill Green)
with a photoluminescence (PL) peak at 542 nm were
obtained from Evident Technologies, Inc. (New York).
Merocyanine-540: MC (1,3-dibutyl-5-[4-[3-(3-sulfopropyl)-
2-benzoxazolinylidene]-2,4-butylidene]-2 thiobarbituric acid
sodium salt), poly vinyl alcohol (PVA) and toluene were
obtained from Sigma. The characterization of the QDs was
done using a transmission electron microscope (TEM). The
average diameter of the QDs obtained from the TEM image
was estimated to be 3.8 nm and the TEM image is represented
in figure 2(a). The inset figure represents the size distribution
of the QDs. The inset snapshot reveals the existence of a
fringe ensuring high crystallinity of the QDs. The interplanar
distance of 0.34 nm is consistent with the (111) planes
of cubic CdSe [24]. Energy dispersive x-ray spectroscopy
(EDAX) analysis of the QDs provided the atomic composition
of the QDs as represented in figure 2(b). The reflective silver
film was prepared on a glass substrate by chemical reduction
of silver nitrate by sodium hydroxide in the presence of

sugar and ammonium hydroxide. For the preparation of the
silver mirror, the chemicals used were obtained from Sigma.
The silver film was characterized under a scanning electron
microscope (SEM) as shown in figure 2(c).

One side polished silicon wafer, purchased from
Semiconductor Wafer Inc., was used as a model reflecting
non-metallic surface. The distance variation was done using
PVA spacer layers of different thickness produced by the
spin-coating technique. The thickness of the PVA layer was
varied from 0.1 to 2.4 um. QDs—MC conjugate was prepared
by overnight stirring of the QDs with MC in toluene followed
by sonication and filtration to remove any undissolved MC in
the solution. Because of the high affinity of ZnS to the sulfur
compared to oxygen, on mixing CdSe/ZnS QDs with MC, the
TOPO ligands around the QDs were replaced by MC due to
the presence of sulfur atoms in it. Thus a surface-attached
coupled dipole pair (D-A) is formed. Finally, the QDs—-MC
conjugate was spin cast on PVA-coated Ag film/Si wafers and
the PL lifetimes of the samples were measured using Life-spec
Spectrometer (Edinburgh Instruments, UK). All spectroscopic
measurements were performed at room temperature. The
excitation at 375 nm (IRF = 70 ps) was obtained using a
pulsed laser diode. The excitation was vertically polarized,
and the emission was recorded through a polarizer oriented at
55° from the vertical position. The front surface emission was
collected at a fixed angle of the detector at 45°. A long-pass
filter at 420 nm was used in the collection path to effectively
eliminate the possible scattered excitation. The PL decay
transients were fitted to a multi-exponential functional form
with a nonlinear least squares fitting routine, which allowed
the average lifetime (tavg = Y i A;Ti where Y i | A; = 1)
to be calculated from a weighted average of the lifetime
components [17, 25]. In our experiment, the fluorescence
transients were fitted to a tri-exponential decay function to
obtain the best fitting of the experimental data. The average
lifetimes of the various systems under study are summarized
in table 1.
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Figure 3. (a) Steady-state spectrum of QDs in the presence and absence of MC is shown. The PL of QDs in the presence of MC is
significantly quenched. Alongside, the emission spectrum of MC is shown (dotted lines). From the figure, it is evident that at 542 nm
detection wavelength, the possible contribution of MC emission can be safely ruled out. (b) Represents the PL decay of QDs—MC conjugate
systems collected at two different wavelengths, 542 and 620 nm. The decay collected at 542 nm shows the lifetime quenching of QDs due to
energy transfer from QDs to MC and is reflected by the faster decay component of 250 ps. The decay collected at 620 nm exhibits the
lifetime of MC and, due to energy transfer, the rise component of 250 ps is manifested in its lifetime decay.

Table 1. Average fluorescence lifetime (ns) for QDs and QDs—MC conjugate on silver and silicon surface.

Silver Silicon

Distance (nm)  7Qps TQDs-MC Distance (nm)  Tgps TQDs-MC
100 7.51 0.62 200 7.43 0.55
200 7.45 0.81 350 9.14 0.61
350 7.38 0.75 600 9.04 0.63
500 6.86 0.82 900 8.15 0.60
800 7.79 0.70 1200 7.67 0.59
1100 7.02 1.06 1500 7.36 0.58
1400 7.09 0.78 1800 8.62 0.78
1600 6.90 0.72 2100 8.85 0.62
2300 7.85 0.61

3. Results and discussion

Steady-state emission quenching of QDs in the presence of
MC is represented in figure 3(a). Alongside, the emission
spectrum of MC is also shown. As shown in the figure,
the possible contribution of MC emission at 542 nm can
be safely ruled out. Figure 3(b) represents the PL lifetime
of the QDs—MC complex collected at 542 and 620 nm.
The efficiency of the energy transfer from QDs to MC is
justifiable from the decay component in the QDs lifetime
(542 nm) which is manifested in the rise component in the
MC (620 nm) lifetime. It has to be noted that both the
lifetime and steady-state quenching of QDs in the QDs-MC

conjugate occur due to non-radiative energy transfer from
QDs to MC and not due to surface modification of QDs
by the MC ligand [26]. To highlight the significant role
played by the silver interface, we measured the PL lifetime
of both point dipoles (QDs) and the coupled dipole system
(QDs—MC conjugate) as a function of distance between them
and the silver interface for several different spacer layers. If
the presence of the interface was of no consequence, one
would expect the lifetime in the presence and absence of
the interface to be unaffected. However, for both the point
dipole and coupled dipole system (D-A), significant lifetime
variation was observed, which is graphically presented in
figure 4. Figure 4(a) represents the time-resolved PL decay
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Figure 4. (a) and (c) The fluorescence transients of QDs and QDs—MC conjugate with varying distance from the silver mirror. The
excitation wavelength was 375 nm. The decay was collected at the emission maximum of QDs (542 nm). (b) and (d) The dependences of

QD lifetime on mirror distances are graphically presented. The open
curve is the fitted plot of the experimental data to equation (5).

of CdSe/ZnS QDs located at various distances from the silver
interface. The distance was varied up to about 1.6 um. The
PL decays show the enhancement and quenching of lifetime
depending on the spacer layer thickness. The relative lifetime
variation is plotted against the distance in figure 4(b). As
shown in the figure, the lifetime follows oscillatory behaviour.
The D-A distance from the time-resolved FRET on bare
glass was estimated to be 3.7 nm which is consistent with
our system under study (1.9 nm CdSe core + 0.3 nm ZnS
shell + 1.2 nm ligand distance). On the silver surface, the
lifetime of QDs is significantly quenched, which is due to
the energy transfer from QDs to silver film, and is consistent
with one of our previous studies [16]. However, in the
presence of the PVA spacer layer, there is no direct energy
transfer feasibility from QDs to silver film due to the larger
distance (d > 100 nm). Therefore, the lifetime variation of
QDs is solely due to the light wave interference. In the
next step, we measured the PL lifetime of the QDs-MC
conjugate, a dipole pair, which serves as a FRET pair. The
lifetime decays of the QDs—MC conjugate being at various
distances from the interface are presented in figure 4(c)
and the oscillatory nature of the relative lifetime values are
plotted in figure 4(d). The outcome of this lifetime variation
greatly influences the apparent energy transfer efficiency
as presented in figure 1(c). The apparent energy transfer
efficiency, estimated considering the lifetime changes for both
the donor (QDs) and donor—acceptor (QDs—MC) system at
various spacer distances due to optical interference, changes

circles with 5% error bar represent the experimental data. The line

from 75% to 89%. In order to establish the fact that the
lifetime alteration is solely due to reflective interference, we
further extended our study using a silicon wafer as a reflective
interface. The polished silicon wafer does not possess any
plasmonic absorption characteristic like the silver film [27].
For the silicon wafer, results similar to those for the silver
surface were obtained (figure 5). The fluorescence lifetime of
the coupled dipolar system was also found to have distance
dependency. The study with silicon clearly rules out the
possibility of direct energy transfer that might arise due to
the silver absorptivity. It is now instructive to compare the
obtained data with the existing model. The lifetime variation
in front of the reflecting surface as described by Drexhage [18]
is relevant to our system under study. In the case of a plane
reflective surface, the decay time (t) can be expressed as
follows.

In the case of an electric dipole oscillator parallel to the
mirror,

3 1
T |:1 + —/ ol (u)u2 cos(xu — &) (w)) du
Too 4 Jo
-1
3 1
+ Z/ pJ_(u)uzcos(xu—SJ_(u))du:| 3)
0
where x = 4”;“1, u = cos6, pj(u), pi(u) are reflection

coefficients, 8 is the phase shift and r is the refractive index
of the medium in front of the surface. In the case of a perfect



Nanotechnology 23 (2012) 495402

S Batabyal er al

(a)

Counts

d= 1800 nm
d=2300 nm
e’ ||IRF

Donor

(c)

Donor-Acceptor

d=200n
d= 600 nm
d= 800 nm
d= 1800 nm

0 2 4 6 8

10 0 1 2 3

Time (ns)

1.5

(b)

1.44
1.34
1.24
1.14
1.04
0.9- @
0.81
0.74
0.6

T'Itec

Donor

(d)

?

Donor-Acceptor

0 400 800 1200 1600 2000 2400

400 800 1200 1600 2000 2400

Distance (nm)

Figure 5. (a) and (c) The fluorescence transients of QDs and QDs-MC conjugate with varying distance from the silicon surface. The
excitation wavelength was 375 nm. The decay was collected at the emission maximum of QDs (542 nm). (b) and (d) The dependences of
QD lifetime on mirror distances are graphically presented. The open circles with 3% error bar represent the experimental data. The line

curve is the fitted plot of the experimental data to equation (5).

mirror, the above equation can be solved, and the equation
becomes:

T ! 3sinx 3cosx 3sinx]”!
o 2x 2x2 2x3

If one considers the radiation-less deactivation to be
affected by the mirror, then the true decay time would be t’
and the above equation can be rearranged as follows:

< [ 1
|1 (%)

where 7o is the quantum yield of the emitting state. We
applied the above theoretical model and found reasonably
good fitting of our experimental data to equation (5). The
fitting curves are represented along the respective figures
(figures 4 and 5). The obtained quantum efficiencies (0.3-0.5)
from the theoretical fitting are reasonably good when
compared with the actual quantum yield of the donor system
QDs (namely 0.4). The quantum efficiency of the donor
system (D) obtained by the model fit reflects the intrinsic
quantum yield of the donor (QDs), even for the D—A conjugate
system. An attempt to fit the experimental data by considering
the perpendicular orientation of the dipole to the mirror
surface, for both the D and D-A systems, was found not to
be appropriate for our systems. As described in equation (3),
the decay time of the emitter depends on emission wavelength,
reflection coefficient, phase shift and also the refractive index

“4)

Too

)

of the medium in front of the mirror. The reflectivity and
phase shifts for both the materials (silver and silicon) would
be different, which will eventually contribute to the oscillatory
nature of the dipolar emission.

4. Conclusion

In summary, this new understanding can be put to practical
use. The theoretical model fit for a conjugate dipolar system
having lifetime dependency on surface—dipole separation (d)
could provide useful information about the intrinsic quantum
efficiency of the emitting dipole, which is otherwise not
obtainable by the general approach of quantum efficiency
estimation using the standard steady state and time-resolved
technique. The practical application of such understanding
includes many optical devices, and one of the prominent
examples is in organic material based light-emitting diodes
(OLEDs). In an OLED, within a microcavity, interference
effects can significantly alter both the intensity and the
spectrum of the emitted light [28]. In the case of organic
LEDs, the microcavity plays a vital role where the organic
layers remain sandwiched between two parallel reflectors [29,
30]. Usually, in a state-of-the-art OLED, one of the reflectors
is a metallic mirror while the other is a Bragg reflector.
The light beam interferes multiple times between the two
reflectors producing enhanced forward-emission and spectral
narrowing in these devices. An ordinary OLED, however,
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consists of only one effective reflector, a metallic cathode.
In this geometry, wide-angle interference is anticipated to
dominate when directly radiated and reflected waves overlap
with each other. The thickness of the light-emitting layer
controls the optical path difference between the direct and
the reflected waves and is crucial to the overall efficiency
including the angular intensity distribution and operational
frequency bandwidth of an OLED.
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