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The influences of donor and acceptor concentrations on Förster resonant energy transfer (FRET) in a separated
donor-acceptor quantum dot bilayer structure have been investigated. Donor intra-ensemble energy transfer
is shown to have an impact on the donor-acceptor FRET efficiency in the bilayer structure. At high donor
concentrations the FRET distance dependence and the acceptor concentration dependence in the separated
donor-acceptor layer structure agree well with theories developed for FRET between randomly distributed,
homogeneous donor and acceptor ensembles. However, discrepancies between measurement and theory are
found at low donor concentrations. A donor concentration study shows that the FRET efficiency decreases with
increasing donor concentration even though a donor concentration-independent FRET efficiency is predicted
by standard theory. The observed dependence of the FRET efficiency on the donor concentration can be
explained within the FRET rate model, for a constant, donor concentration independent FRET rate, by
taking into account the concentration dependent donor reference lifetime arising from intra-donor ensemble
FRET. This shows that the decrease in the FRET efficiency with increasing donor concentration is not a
signature of a change in the donor-acceptor FRET rate, but due to the competition of the donor-acceptor
and donor-donor energy transfer for the higher energy donors. As the intra-donor ensemble FRET represents
another decay mechanism, the donor quantum yield for the higher energy donors decreases with increasing
donor quantum dot (QD) concentration, as can also be seen from the redshift of the donor emission spectrum.
Using this concentration dependent donor quantum yield in the calculation of the Förster radius, the FRET
theory for homogeneous donor and acceptor ensembles can be modified to include the effect of the donor
intra-ensemble transfer and to correctly describe the trends and absolute values of the measured FRET efficiencies
as a function of the donor and the acceptor concentrations. These results show that in QD systems where
intra-donor ensemble FRET is as important as the radiative and nonradiative donor decay mechanisms, the
FRET rate rather than the FRET efficiency more appropriately characterizes the donor-acceptor FRET. By
fitting with the rate model, FRET rates as high as (1.2 ns)−1 have been determined for the structures presented
here.
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I. INTRODUCTION

Förster resonant energy transfer (FRET) is an energy
transfer mechanism based on the interactions of donor and
acceptor dipole moments.1–3 This nonradiative type of energy
transfer occurs when donor and acceptor have states in
resonance and if the donor-acceptor separation is short,
typically only a few nanometers.2,3 The strong distance
dependence of the FRET process can be used to measure
distances on the nanoscale2,4 and to build sensing devices
by monitoring binding events.5–8 In addition, graded en-
ergy structures can be engineered in which FRET provides
a mechanism to transport energy from donor to acceptor
components.9–12

Due to their unique optical properties colloidal semicon-
ductor quantum dots (QDs)—or nanocrystals—have proven
to be valuable building blocks for many different types
of applications ranging from light emitting devices13–15 to
photovoltaics16–18 and sensors.19–21 The energy flow from
donors to acceptors generated in FRET structures can also be

optimized by the use of QDs as energy donors and/or accep-
tors due to their tuneable, narrow emission features. Broad
absorption spectra, high photostability, and quantum yield
present additional advantages for FRET applications such as
light harvesting structures22,23 and sensing devices.19,24,25 The
main difference between dyes, commonly used for FRET
applications, and QDs is the larger size of the QDs and
the inhomogeneous broadening of the QD ensemble.26 These
two parameters are not taken into account by most common
FRET theories, which have been developed for molecular
systems and represent donors and acceptors as point dipoles.
For FRET between randomly distributed, homogeneous donor
and acceptor ensembles, these theories predict an acceptor
concentration dependence of the FRET rate and efficiency at
a fixed separation between the donor and acceptor layers, but
no dependence on the donor concentration is expected.2,3,27

In order to be able to fully control and optimize FRET
in QD structures the impact of inhomogeneous broadening
of the QD ensemble on the FRET process has to be
understood.
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Kagan et al. were the first to report on FRET in QD
solids.28,29 Since then, FRET in QD systems has been
studied in combination with organic dyes in solution-based
complexes19,30 and layer structures31,32 as well as in pure QD
assemblies such as clusters in solution,33–35 monodispersed
QD structures,36–38 mixed donor-acceptor QD solids,37,39

mixed donor-acceptor monolayers,40,41 and donor-acceptor bi-
layer structures.36,37,42–46 The separated donor-acceptor bilayer
structure is most interesting in terms of applications as it
can be used in graded energy structures22,23,47 and it also is
the geometry used in substrate-based sensing platforms (see
examples in the review by Borisov and Wolfbeis5). So far
only the distance dependence of the FRET process in the QD
bilayer structure has been investigated.44,46 However, FRET
rate and efficiency also depend on the acceptor concentration
and additionally, the acceptor enhancement is influenced by
the donor-acceptor ratio, as has already been reported for QD
solids39 and monolayers.41 Furthermore, it has been shown
that the donor-acceptor ratio can be used as a parameter to
improve the photon efficiency of light emitting devices.48 It is
important to investigate the influence of the donor and acceptor
concentrations on the FRET efficiency and rate in detail to
determine the effect they can have on the performance of
devices, such as, for example, the sensitivity of sensors. It
is particularly important to consider concentration effects in
multilayer structures, such as light harvesting devices, as some
of the QDs are simultaneously acting as donors and acceptors
in such assemblies.

Here, we present the acceptor and donor concentration
dependences of the FRET process in a donor-acceptor QD
bilayer structure and highlight the influence of intra-ensemble
FRET within the donor layer on the donor-acceptor inter-layer
FRET. The competition between these two FRET processes
gives rise to a donor concentration dependence of the FRET
efficiency that is not predicted by the standard FRET theories
which consider randomly distributed, homogeneous donor
and acceptor ensembles. We explain how this effect can be
understood within the FRET rate model as well as how
to take it into account in the calculations of the FRET
efficiency based on the spectral overlap and the sample
geometry.

II. THEORETICAL BACKGROUND

Förster resonant energy transfer (FRET) is a donor de-
excitation mechanism with rate kFRET that competes with
radiative and nonradiative decay mechanisms of the excited
donor state. The respective rates kr and knr determine the
intrinsic lifetime τD = (knr + kr )−1 of the donor emission
decay, which can be determined from time-resolved photo-
luminescence measurements, and the donor quantum yield
QD = kr/(kr + knr ), which can be obtained by comparing
the spectral properties of the donor with those of a well-
known luminescent reference such as Rhodamine 6G used
here. As mentioned above, FRET is a strongly distance
dependent process that only takes place over donor-acceptor
separations rDA of a few nm. The characteristic FRET
distance, the Förster radius R0, is defined as the donor-acceptor
distance rDA at which kFRET is as fast as the other intrinsic

donor decay processes characterized by the donor decay
lifetime τD:1

kFRET = τ−1
D

(
R0

rDA

)6

. (1)

The Förster radius is given by

R0 = 0.0211 ·
(

κ2 · QD

n4
· J

)1/6

(2)

and is typically of the order of 1–10 nm.2,3 It depends on
the orientation factor κ2 of the donor and acceptor dipoles
(which is 2/3 in the case of randomly oriented dipoles, as is
the case in the structures presented here), the donor quantum
yield QD , the refractive index of the surrounding medium n,
and the spectral overlap J of the emitting donor and absorbing
acceptor states. The spectral overlap

J =
∫ ∞

0
ÎDon(λ) · εAcc(λ) · λ4dλ (3)

is calculated by integrating over the area-normalized donor
emission spectrum ÎDon(λ) and the acceptor extinction spec-
trum εAcc(λ). R0 is obtained in nm if the overlap J is included
in units of nm4/(M cm) in Eq. (2).

The FRET efficiency is defined as

EFRET = kFRET

τ−1
D + kFRET

, (4a)

and can be determined experimentally by comparing the
donor lifetime in the presence of the acceptors τDA =
(τ−1

D + kFRET)−1 to the intrinsic donor lifetime τD:

EFRET = 1 − τDA

τD

. (4b)

With Eq. (1) the FRET efficiency (4a) can also be written as

EFRET = R6
0

R6
0 + r6

DA

, (4c)

which allows for a calculation of the donor-acceptor distance
rDA or simply the observation of changes in rDA by measuring
EFRET.4 From Eq. (4c) it can be easily seen that the FRET
efficiency is 50% for rDA = R0.2,3

Equations (1) and (4c) describe single donor-acceptor
pairs. To apply these equations to structures in which donors
interact with multiple acceptors numbered i, the FRET
rates for each acceptor at a distance ri from a specific
donor have to be summed to obtain the FRET rate for this
donor:

kFRET = τ−1
D

∑
i

(
R0

ri

)6

. (5)

Consequently Eq. (4c) modifies to

EFRET = 1

1 + [∑
i (R0/ri)6

]−1 (6)

in a structure where donors interact with multiple acceptors.
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Wolber and Hudson applied the rate equations of three-
dimensional Förster theory, summarized above, to random,
two-dimensional donor-acceptor distributions.27 Furthermore,
they introduced an exclusion zone Rex around the donors
that can find application in biological systems but can also
be used to take account of the QD size in mixed donor-
acceptor monolayers.41 This model has also been applied to
the investigation of intra-ensemble FRET in monodispersed
QD monolayers.38

In the bilayer structure investigated here, the acceptor
layer is separated by a distance d from the donor layer.
Using the Wolber and Hudson model this distance can be
included within Rex .27 Alternatively, the summation over
all acceptors i in Eqs. (5) and (6) can be changed into an
integration over the acceptor plane by weighting with the
acceptor concentration, cAcc, as the acceptor concentration
is homogenous and therefore independent of the distance ri .
The FRET rate is decreasing rapidly with distance so that the
sample boundaries can be neglected and the integration can be
carried out over an infinite plane:

kFRET = τ−1
D cAcc

∫ ∞

0
(R0/r)6dS.

Taking into account the fixed minimum distance d between
the donors and acceptors—in the case of QDs this is the center-
to-center distance—the FRET rate can be written as

kFRET = cAcc π R6
0

2d4τD

(7)

and the expression

EFRET = 1

1 + 2d4

cAcc π R6
0

(8)

is obtained for the FRET efficiency in a donor-acceptor
bilayer structure. It is important to note that the typical
d−6 distance dependence for a single donor-acceptor pair is
replaced by a d−4 dependence when the donor is interacting
with a plane of acceptors. Additionally, it can be noted
that for a random distribution of homogeneous donor and
acceptor ensembles, the FRET rate and efficiency in the bilayer
structure depend on the donor-acceptor separation d and the
acceptor concentration cAcc, but not on the donor concentration
cDon.

III. EXPERIMENTAL METHODS

Negatively charged CdTe QDs, stabilized by thioglycolic
acid in aqueous solution,49,50 were used for the preparation of
the FRET structures. QDs with a diameter of 2.7 nm, and peak
emission wavelength at 547 nm, were used as donors. The
acceptor QDs had a size of 3.5 nm and emitted at 610 nm. The
diameter of the QDs is determined from the position of the first
absorption peak recorded in solution, and the concentration
of the QDs in solution as well as in the monolayers were
determined by the Lambert-Beer law.51

The layer-by-layer (LbL) electrostatic assembly
technique52,53 was used to prepare structures consisting
of pure QD monolayers only (reference samples) and
structures with donor and acceptor layers separated by a
polyelectrolyte spacer.

Each polyelectrolyte bilayer consists of a negatively
charged poly(sodium 4-styrene sulfonate) (PSS) and a
positively charged poly(diallyldimethylammonium chloride)
(PDDA) layer. Details on the preparation of the PSS and
PDDA solutions (containing 0.1 M NaCl) used in the LbL
deposition can be found elsewhere.38,46 The PSS and PDDA
polyelectrolyte bilayers were deposited by immersing the
substrate alternating in the PSS and PDDA solutions for 10
min. The samples were rinsed in millipore water for 1 min
between each deposition step and the thickness of the resulting
bilayers is approximately 3 nm, as verified using an X-ray
diffraction technique.

The QD monolayers were prepared by immersion in the
respective QD solution with a low QD concentration of
approximately 1.5 μM. The concentration of the QDs in
the layers was changed by varying the immersion time in
the QD solution. Further information on the preparation of
monodispersed QD layers with different concentrations can
be found elsewhere.38,41 Samples with donor or acceptor
monolayers only were prepared as reference samples. For
the separated donor-acceptor layer structure, the acceptor QD
layer was deposited first followed by the spacer, consisting
of a varying number of PDDA and PSS bilayers and a final
PDDA layer. The thickness of the spacer was varied between
0.5 nm (one PDDA layer only)42 and approximately 12 nm
(four PDDA/PSS bilayers + PDDA layer). The donor QDs
were deposited as the last layer.

The absorption spectra of the QD structures were recorded
between 350 and 800 nm using a double beam UV-Vis record-
ing spectrometer (Shimadzu UV-2401 PC). Room-temperature
steady-state photoluminescence (PL) spectra were measured
with a Perkin-Elmer LS 55 fluorescence spectrometer using
an excitation wavelength of 400 nm, provided by a pulsed
Xenon lamp. The time-resolved PL decays of the QD layers
were recorded using a PicoQuant Microtime200 time-resolved
confocal microscope system with 150 ps resolution. A LDH-
480 laser head controlled by a PDL-800B driver (PicoQuant)
provided picosecond pulses at 470 nm for excitation. Broad
band filters centered at 500, 550, 600, and 650 nm were
used to separate the emission from the donor and acceptor
QDs, as well as to record signals from the low- and high-
energy side of the QD ensemble emission for the reference
samples. These filters have a full width at half maximum of
approximately (70 ± 5 nm). PL lifetime measurements in the
donor dominated spectral range were recorded with a repetition
rate of 10 MHz, whereas a lower repetition rate of 5 MHz had
to be used to record the longer decays in the spectral range
dominated by the acceptor emission. The laser power was
kept constant at approximately 16 nW for all measurements.
The PL decays were measured over an area of 80 μm by
80 μm (150 by 150 pixels) with an integration time of 4 ms
per pixel.

IV. RESULTS AND DISCUSSION

The optical properties of the pure donor and acceptor
monolayers are important for the analysis of FRET in
the donor-acceptor bilayer structure. The properties of the
monolayers, including concentration effects, will be presented
briefly. Then, FRET in a donor-acceptor bilayer structure
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FIG. 1. (Color online) Absorption (line) and photoluminescence
(PL) spectra (symbols) for donor (solid, green line, and green squares)
and acceptor (dashed, red line, and red circles) QD monolayers
with concentrations of cDon = 1.1 × 1017 m−2 and cAcc = 0.28 ×
1017 m−2, respectively. In the inset the donor PL decays for the
blue (blue squares) and red (red circles) side of the QD ensemble
emission spectrum as well as the unfiltered decay (black triangles) are
shown.

will be analyzed in detail and the acceptor and donor
concentration dependences of the FRET efficiency will be
discussed.

A. QD monolayers

1. Characterization of donor and acceptor QDs

The optical properties of donor and acceptor QD monolay-
ers are shown in Fig. 1. The first absorption maximum of the
donors occurs at 510 nm and the PL emission is centered at
approximately 553 nm (see Fig. 1, green solid line and squares)
for a donor QD concentration cDon of 1.1 × 1017 m−2. The
PL decays of different parts of the donor ensemble emission
spectrum are presented in the inset of Fig. 1(a). The initial
decrease of the PL intensity I (t) has been associated with
holes getting trapped in defect states.50,54,55 The variation
of the nonradiative decay rates knr from QD to QD due
to trapping gives rise to a distribution of lifetimes within
the QD ensemble and consequently multi-exponential PL
decays have been widely observed for CdTe QDs. Here, all
PL decays were fitted by a two-exponential decay I (t) =
Is exp(−t/τs) + Il exp(−t/τl) + I0 to take into account the
non-monoexponential decay behavior of the QD ensembles.
Average decay lifetimes τ are calculated as intensity-weighted
means,

τ = Isτ
2
s + Ilτ

2
l

Isτs + Ilτl

,

from the short and long lifetime component τs and τl ,
respectively. The overall, unfiltered decay (black triangles)
of the donor monolayer shown in the inset of Fig. 1 can be
described by an average lifetime τnoF = 7.2 ns. The decays
on the blue (blue squares) and red side (red circles) of the
donor QD ensemble emission spectrum were obtained by
using a 500 and 600 nm broad-band filter, respectively. The

average lifetime on the blue side τblue = 4.8 ns is shorter
than the unfiltered value τnoF, and the decay on the red
side with a lifetime of τred = 10.8 ns is longer. It has been
previously shown that the optical properties of closely packed
QD structures can be strongly influenced by FRET within the
QD ensemble.38 For the donor QDs used in the experiments
presented here a strong impact of intra-ensemble FRET on
the optical properties is observed. This intra-ensemble energy
transfer gives rise to the spectral redshift and is the main
cause for this large difference in lifetime on the blue and
red side of the QD ensemble emission observed for the QD
monolayers. The concentration dependences of the optical
properties arising from intra-ensemble FRET will be discussed
briefly in the next section.

Similar signatures are seen in the acceptor monolayer
(Fig. 1, red dashed line and circles). The acceptor absorption
peak occurs at 576 nm (dashed line) and the PL emission
peak wavelength is 619 nm (circles) for a monolayer with a
concentration cAcc = 0.28 × 1017 m−2. The average acceptor
PL lifetimes determined from the two-exponential fits are
τnoF = 12.3 ns, τblue = 6.1 ns, and τred = 14.6 ns (PL decays
not shown). Similar to the donor decays, the decay on the red
side is longer than the unfiltered decay and the one on the blue
side is shorter.

2. Concentration effects

Time-resolved PL decays have been measured for monodis-
persed donor QD monolayers with different QD concentra-
tions. The concentration dependence of the measured average
lifetime τblue (filled squares, left-hand axis) is shown in
Fig. 2. The shortening of the decay with increasing donor QD
concentration is attributed to FRET from smaller to larger QDs
in the inhomogeneously broadened donor ensemble. As has
already been reported,38 the concentration dependence can be
fitted using the theory of FRET in two dimensions developed
by Wolber and Hudson.27 The full details on the application

FIG. 2. Concentration dependence of the average lifetime of the
PL decays on the blue side of the ensemble emission spectrum of
the donor monolayers τblue (filled squares). The line represents the
fit of the lifetime data using a theory of FRET in two dimensions
(Ref. 27). The intra-ensemble FRET efficiency and FRET rate,
calculated from the fit of the measured lifetime data, are shown in the
inset.
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of this theory to monodispersed monolayers can be found in
Ref. 38. The best fit of the average lifetime τblue as a function
of the donor QD concentration cDon, shown as a solid line in
Fig. 2, was obtained for the fitting parameters Rex = 3.0 nm,
R0 = 3.0 nm, and τ 0

blue = 12.4 ns. τ 0
blue is the donor lifetime in

the absence of FRET and corresponds to the lifetime at very
low donor concentrations.

The efficiency of the intra-donor ensemble FRET process
in the monodispersed donor QD monolayer can be calculated
for concentration with Eq. (4b) based on the measured, con-
centration dependent lifetime τblue and the initial, undisturbed
value τ 0

blue. EFRET increases to ∼80% at high donor QD
concentrations, as can be seen in the inset of Fig. 2. Also
shown in the inset of Fig. 2 is the concentration dependence
of the intra-ensemble FRET rate, kD−D , obtained from the
fit of the concentration dependent donor lifetime τblue =
(τ 0−1

blue + kD−D)−1.

B. FRET in separated donor-acceptor layer structure

In Fig. 3 the PL spectrum and decays of a typical donor-
acceptor bilayer sample are shown along with the reference
spectra and decays for pure donor and acceptor monolayers
at similar concentrations. The bilayer sample consists of an
acceptor QD layer with cAcc = 0.45 × 1017 m−2, a PDDA
spacer layer giving rise to a donor-acceptor center-to-center
separation rDA = (3.6 ± 0.3) nm [based on a spacer layer
thickness of 0.5 nm (Ref. 42) and the donor and acceptor
QD radii], and a donor QD layer with cDon = 1.8 × 1017 m−2.
The PL spectrum of the bilayer structure [filled triangles in
Fig. 3(a)] shows donor emission quenching with respect to
the donor reference spectrum (open squares) of (67 ± 5)%.
Compared to the acceptor reference spectrum (open circles),
the acceptor emission in the bilayer structure is enhanced
by (179 ± 20)%, corresponding to an acceptor enhancement
per donor QD of (46 ± 8)%. The acceptor enhancement
per donor QD is calculated by weighting the acceptor PL
enhancement with the donor-acceptor concentration ratio. The
strong donor quenching and large acceptor enhancement show
that energy is transferred efficiently from the donors to the
acceptors.

In order to investigate the energy transfer mechanism more
closely the time-resolved PL decays of the donors and accep-
tors are analyzed. The donor and acceptor PL decays have been
measured on the blue and red side of the QD emission spectra,
respectively, to avoid the region of spectral overlap of the donor
and acceptor emission at intermediate wavelengths. In Fig. 3(b)
the donor PL decays are presented for the bilayer structure
(filled squares) and the donor reference (open squares). The
average donor lifetime reduces from τD = (3.3 ± 0.2) ns in
the reference monolayer to τDA = (1.7 ± 0.1) ns in the full
structure including the acceptor QD layer. This decrease in
lifetime corresponds to a FRET efficiency EFRET = (48 ± 5)%
as calculated with Eq. (4b). This value is very similar to
the acceptor enhancement per donor QD, confirming that the
additional energy received by the acceptors is transferred via
the Förster mechanism and not by radiative energy transfer.
Dexter energy transfer,56,57 based on an exchange mechanism,
can also be excluded as a possible energy transfer process
because of the relatively large donor-acceptor center-to-center

(a)

(b)

FIG. 3. (Color online) (a) Photoluminescence spectrum of a
donor-acceptor bilayer structure with a donor-acceptor center-to-
center separation of 3.6 nm (corresponding to a layer separation of
0.5 nm excluding the QD radii), cDon = 1.8 × 1017 m−2 and cAcc =
0.45 × 1017 m−2 (filled, black triangles). The reference spectra
of donor (open, green squares) and acceptor (open, red circles)
monolayers are also shown. (b) The donor emission decay (measured
with a broad 500 nm filter) in the donor-acceptor bilayer structure
(filled, black squares) and in the donor reference monolayer (open,
green squares). In the inset the first 12 ns of the acceptor emission
decay (using a broad 650 nm filter) are shown for the donor-acceptor
bilayer structure (filled, black circles) and the acceptor reference
monolayer (open, red circles).

separation of rDA = (3.6 ± 0.3) nm in these samples. The
inset in Fig. 3(b) shows the acceptor decays for the bilayer
structure (filled circles) and the acceptor reference (open
circles). It can be seen that the intensity maximum of the
acceptor decay in the donor-acceptor bilayer structure occurs
approximately 0.6 ns later than for the acceptor reference.
This rise time is due to the additional pumping of the
acceptors by the donors that occurs over a longer time than
excitation by the laser pulse. In addition, due to the energy
transfer, the lifetime τAD = (22.1 ± 0.8) ns of the acceptor
emission decay in the bilayer structure is much longer
than the PL lifetime τA = (14.3 ± 0.6) ns in the monolayer
reference.
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FIG. 4. Dependence of the measured FRET efficiency EFRET on
the acceptor concentration at high [cDon = (3.1 ± 0.5) × 1017 m−2,
solid squares] and low donor concentrations [cDon = (1.0 ± 0.2) ×
1017 m−2, open circles] for a donor-acceptor separation of 3.6 nm.
The lines represent theoretically calculated trends for R0 = 3.1 nm
(solid line), R0 = 3.9 nm (dotted line), and R0 = 4.3 nm (dashed
line). In the inset the distance dependence at a donor concentration
of cDon = (3.9 ± 1.2) × 1017 m−2 and an acceptor concentration of
cAcc = (0.85 ± 0.10) × 1017 m−2 is shown, with the theoretical trend
for R0 = 3.9 nm shown as solid line.

1. Acceptor concentration dependence

In the inset of Fig. 4 the measured FRET efficiency (filled
squares) is shown as a function of the donor-acceptor layer
separation (the spacer layer thickness excluding the QD radii)
for high donor concentration cDon = (3.9 ± 1.2) × 1017 m−2

and high acceptor concentration cAcc = (0.85 ± 0.10) ×
1017 m−2. A Förster radius R0 = (3.9 ± 0.1) nm has been
calculated with Eq. (2) from the spectral overlap of the
donor and acceptor reference monolayers and taking into
account an average donor ensemble quantum yield of 10%,
as calculated from the integrated donor ensemble PL in the
monolayer at the time of the measurements. An excellent
agreement of the measured decrease of the FRET efficiency
with increasing layer separation with theory [solid line in
the inset of Fig. 4, calculated using Eq. (8)] is observed
indicating the validity of the theory to describe FRET in
QD systems and the value of R0. This is in agreement with
previous reports for the distance dependence of the FRET
rate,44 the FRET efficiency, and acceptor enhancement46

measured in similar structures prepared by the LbL deposition
technique.

The acceptor concentration dependence of the FRET
efficiency with two different donor concentrations was mea-
sured for samples with a donor-acceptor separation rDA =
(3.6 ± 0.3) nm and is shown in the main graph of Fig. 4. Data
for a low donor concentration cDon = (1.0 ± 0.2) × 1017 m−2

(open circles) and a higher concentration cDon = (3.1 ± 0.5) ×
1017 m−2 (filled squares) are presented. In both cases the FRET
efficiency increases with increasing acceptor concentration.
For each data set R0 is determined at the time of the mea-
surements from the spectral overlap of the donor and acceptor
reference monolayers, as discussed above. This takes account

of changes in the QD quantum yield as a function of time.
Considering, first, the higher donor concentration case, a value
of R0 = (3.1 ± 0.1) nm was measured from the spectral data.
This is lower than that measured for the distance dependence
due to a decrease in the donor quantum yield from 10% to 2.5%
over time. The acceptor concentration dependence of the FRET
efficiency was fitted with Eq. (8) using R0 = (3.1 ± 0.1) nm
and, as can be seen, good agreement between the experimental
data and theory is achieved.

For the lower donor concentration samples the Förster
radius from the spectral data was R0 = (3.9 ± 0.1) nm, as for
the distance dependence samples discussed above. In this case,
however, it can be seen that the absolute values for the mea-
sured FRET efficiency are higher than expected from theory
and the data cannot be fitted with Eq. (8) using R0 = 3.9 nm
(dotted line). Instead it is found that a value of R0 = 4.3 nm
(dashed line) is required to achieve a good agreement between
measured data and theoretical calculations. This discrepancy
between the measured and calculated FRET efficiencies at
the lower donor concentration is attributed to intra-ensemble
FRET within the donor layer. The theory describing FRET
between donor and acceptor planes, represented by Eqs. (7)
and (8), does not take account of the inhomogeneous broaden-
ing of the ensembles, and consequently donor intra-ensemble
FRET is not included. This theory describing the homogenous
ensemble of donors and acceptors will be referred to as
Hom.-Theory in the following sections. The impact of the
donor intra-ensemble FRET on energy transfer in donor-
acceptor QD structures is explored in more detail in the next
section. Subsequently, the acceptor concentration dependence
of the FRET efficiency for a low donor concentration will be
reconsidered.

2. Donor concentration dependence

In order to better understand the interplay between donor-
donor intra-ensemble FRET and donor-acceptor inter-layer
FRET, the effect of the donor concentration on the donor-
acceptor FRET process has been investigated. The two data
sets presented in Fig. 5 have been measured for bilayer
structures with rDA = (3.6 ± 0.3) nm and acceptor QD con-
centrations cAcc = (0.3 ± 0.2) × 1017 m−2 (solid squares) and
cAcc = (0.8 ± 0.3) × 1017 m−2 (open circles). Under these
conditions, a donor concentration independent FRET effi-
ciency of 32% (dotted line) and 73% (not included in Fig. 5
for clarity) is expected from Hom.-Theory using Eq. (8) for a
donor quantum yield of 5% and 10% (corresponding to Förster
radii of 3.4 and 3.9 nm), respectively, for the lower and higher
acceptor concentrations. However, as can be seen in Fig. 5, the
FRET efficiency EFRET decreases with increasing donor QD
concentration. The discrepancy between the measured FRET
efficiency and that calculated with Hom.-Theory is largest
at low donor QD concentrations, with convergence at higher
concentrations. This is in agreement with what was observed
for the acceptor concentration dependence discussed earlier,
where agreement between Hom.-Theory and experiment was
observed for the higher donor concentration.

Possible reasons for the donor concentration dependent
decrease of the FRET efficiency can be considered. One reason
could be the competition between donors for acceptors in the
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FIG. 5. Measured FRET efficiency as a function of the donor QD
concentration in the bilayer structure at low [cAcc = (0.3 ± 0.2) ×
1017 m−2, solid squares] and high acceptor concentrations [cAcc =
(0.8 ± 0.3) × 1017 m−2, open circles]. Also shown is the calculated
FRET efficiency expected from the FRET theory for homogenous
donor ensembles with a fixed ensemble quantum yield (Hom.-Theory,
dotted line), the FRET efficiency using the modified Hom.-Theory
which takes into account a concentration dependent donor quantum
yield (dashed line) and the fit of the experimental data with the FRET
rate equation model [Eq. (4a)] including a constant FRET rate kFRET

(solid line).

same interaction sphere (defined by twice the Förster radius)
at high donor QD concentrations, but this is unlikely as not
all donors are excited at the same time under the excitation
conditions used in the measurements presented here. Addi-
tionally, this would also not explain why agreement between
measurement and theory is observed at high concentrations. On
the contrary, it would result in agreement at low concentrations
with the measured FRET efficiency then decreasing to values
below those predicted by theory as the donor concentration
increases. The donor concentration dependence of the FRET
efficiency could also originate from an efficient migration of
the energy among the donors until it reaches a donor close
to a suitable acceptor, when the energy would be transferred
to this acceptor. This effect has, for example, been observed
for chromium ions in ruby58 and leads to an increase in
the FRET efficiency with increasing donor concentration.
Therefore, FRET facilitated by energy migration among the
donors is also not explaining the observed decrease of the
FRET efficiency as a function of the donor concentration.
Alternatively, the decrease of the FRET efficiency can be at-
tributed to competition of the donor-acceptor inter-layer FRET
with intra-ensemble FRET within the donor layer. This can be
verified using a rate equation model. The FRET efficiency
can be described by Eq. (4a), EFRET = kFRET/(τ−1

D + kFRET),
where τ−1

D = kr + knr + kD−D is the donor decay rate in
the absence of acceptors. The kD−D term must be included
to take account of the intra-ensemble donor-donor energy
transfer, discussed earlier, and consequently the donor lifetime
is concentration dependent. A constant FRET rate kFRET is
expected as the donor-acceptor FRET rate is determined by
the donor-acceptor separation and the acceptor concentration.

The donor concentration does not influence the donor-acceptor
inter-layer FRET rate. Using the concentration dependent
lifetime data presented in Fig. 2, it is found that a constant
k−1

FRET = 4.4 ns is sufficient to describe the donor concentration
dependence of the donor-acceptor FRET efficiency in the
bilayer structure (solid line in Fig. 5). This value is reasonable
compared to those found in the literature for the acceptor
concentration and layer separation used.36,37,42,44 As would be
expected, k−1

FRET decreases for higher acceptor concentration
or smaller layer separations as the donor-acceptor FRET
process becomes more efficient (open circles). For an acceptor
concentration of cAcc = (0.8 ± 0.1) × 1017 m−2 and rDA =
(3.6 ± 0.3) nm, k−1

FRET is reduced to approximately 1.2 ns
(see Fig. 5). The reduction of EFRET with increasing donor
concentration is therefore not a signature for a modification
of the donor-acceptor inter-layer energy transfer rate but
rather the signature of competition between the donor-donor
intra-ensemble FRET and donor-acceptor inter-layer FRET
processes.

It is interesting to consider the origin of the divergence of
the Hom.-Theory from the experimental data and how it has to
be modified to take account of the inhomogeneous broadening
of the donor ensemble. Contrary to experimental observations,
if the concentration dependent donor lifetime measured for the
monodispersed donor reference layers is included in Eqs. (7)
and (8) of the Hom.-Theory, a concentration dependent FRET
rate and a constant FRET efficiency are predicted (dotted
line in Fig. 5), where a constant value for the ensemble
quantum yield is used to calculate R0 with Eq. (2). However,
the increase of the intra-donor ensemble FRET rate with
increasing donor concentration will also result in a decrease
of the quantum yield on the blue side of the donor ensemble
spectrum, as the quantum yield must now be expressed as
Qblue = kr/(kr + knr + kD−D) = krτD . This is also evidenced
by a redshift of the donor emission peak with increasing donor
concentration (data not shown).38 The dependence of Qblue on
the donor concentration is the same as for the lifetime shown
in Fig. 2, however, it is difficult to determine the absolute
value of the quantum yield or the radiative rate for the QD
sub-ensemble emitting on the blue side of the ensemble
spectrum. An estimation of the value of Qblue at a specific
donor concentration was made by considering the relative
emission on the blue side and the relative absorption of the QDs
emitting on the blue side with respect to the overall ensemble
properties. Considering first the lower acceptor concentration
data set in Fig. 5, the Q0

blue is estimated by measuring the
Qblue from the monolayer donor reference samples. A value
of Qblue = 8.2 at a donor concentration of 1.1 × 1017 m−2

is estimated, which results in R0 = 3.7 nm at this donor
concentration. Using the donor concentration dependence of
the lifetime data in Fig. 2, this corresponds to a Q0

blue of 19%.
Using the same approach for the high acceptor concentration
data set, Qblue = 21.5% is estimated at a donor concentration
of 0.6 × 1017 m−2, resulting in R0 = 4.4 nm. The corre-
sponding initial quantum yield Q0

blue is 31%. All estimated
Q0

blue are below the quantum yield of 32% as measured in
solution.

Therefore, a donor concentration dependent quantum yield
has to be taken into account in the calculation of R0 to include
the effects of donor intra-ensemble energy transfer in the
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FRET Hom.-Theory. This results in a donor concentration
dependent Förster radius and even though that may seem
surprising at first glance, similar to the unexpected donor
concentration dependence of the FRET efficiency, it is an
elementary consequence of the definition of the parameter.
As the FRET efficiency describes the probability for energy
being transferred from a particular donor to an acceptor, it has
to decrease if the probability for other donor de-excitation
mechanisms increases, such as the donor intra-ensemble
transfer. Similarly, as R0 is defined as the distance at which
the FRET rate is as fast as the sum of all other donor
de-excitation mechanisms, R0 will decrease with increasing
donor concentration as kFRET is constant but the total donor
decay rate τ−1

blue increases with increasing donor concentration
due to increasing donor intra-ensemble FRET (see inset of
Fig. 2). Consequently, the concentration dependences of the
donor lifetime τblue and R0 in the calculation of kFRET with
Eq. (7) cancel, and a donor concentration dependence of EFRET

is introduced in Eq. (8). The values for the FRET efficiency
calculated with a modified Hom.-Theory, taking into account
the estimated values Qblue(cDon), with the same concentration
dependence as for τblue shown in Fig. 2, are shown as dashed
lines in Fig. 5. As pointed out above, the calculation of Qblue is
quite difficult and therefore the error on the estimated values
is in the range of 5% to 10%. The trend for a few different
values of Q0

blue is shown in Fig. 5. As can be seen, not only the
trend but also the absolute values of the FRET efficiency can
be reproduced by the modified theory which follows the same
trend as the fit with the rate model (solid line). Exact agreement
with the FRET rate model can be achieved for Q0

blue = 29%
for both acceptor concentrations.

In light of this discussion the acceptor concentration
dependence of the FRET efficiency at two different donor
concentrations, which was presented in Fig. 4, is reconsidered.
Good agreement with the Hom.-Theory was obtained for the
higher donor concentration, with discrepancy at the lower
donor concentration where a larger R0 had to be used to
achieve a match between the measured acceptor concentration
dependence of the FRET efficiency and theory. It can now
be seen that the larger R0 = 4.3 nm is a consequence of the
larger Qblue compared to the average ensemble quantum yield
at low donor concentrations. When the corrected value for the
quantum yield is included in the theory (dashed line in Fig. 4)
good agreement with measurement is obtained.

Due to the concentration dependence of the donor reference
lifetime, the FRET efficiency is not an ideal parameter to
characterize the donor-acceptor FRET process in systems with
high inhomogeneous broadening of the donor QD ensemble
and the FRET rate is the more suitable parameter. It is
important to note that if the concentration dependence of the
lifetime in the monodispersed donor reference monolayers
is not taken into account, but rather a constant reference
lifetime is used in the calculation of the FRET efficiency,
the decrease of the donor lifetime in the FRET structure
could be incorrectly interpreted as an increase in FRET
efficiency.

Moreover, the competition between donor intra-ensemble
FRET and the donor-acceptor FRET can impair the perfor-
mance of FRET devices, if the donor intra-ensemble FRET
becomes dominant. This is, for example, the case for large

donor-acceptor separations or low acceptor concentrations, as
under these conditions the intra-donor FRET process takes
place on time scales similar to or shorter than that of the
donor-acceptor FRET. As shown in the inset of Fig. 2, the
intra-donor FRET rate kD−D is of the same order of magnitude
as the constant donor-acceptor FRET rate kFRET, measured for
the bilayer structures presented here, and even becomes faster
than kFRET at intermediate donor concentrations. Therefore,
in any structure with closely packed donors, as could be
the case for nanoclusters or QD layers and solids with high
donor-acceptor ratios, these concentration effects on the FRET
efficiency have to be considered if QDs with significant overlap
of their emitting and absorbing states are used as FRET
donors.

The modifications of the FRET theory outlined above can
be adopted for all types of FRET structures, as the FRET rate
model and the Förster radius are independent of the sam-
ple geometry. Only the form of Eqs. (7) and (8) and the
actual concentration dependence of the donor lifetime and the
quantum yield on the blue side of the donor ensemble spectrum
will change.

V. CONCLUSIONS

We reported on Förster resonant energy transfer (FRET)
in a bilayer structure consisting of separated donor and
acceptor QD layers. At high donor concentrations, the distance
dependence as well as the influence of the acceptor QD
concentration on the FRET process agree well with the trends
and values predicted by FRET theory based on homogeneous
donor and acceptor ensembles. In addition, the influence of the
donor QD concentration on the FRET efficiency in the bilayer
structure was observed. The decrease of the FRET efficiency
with increasing donor concentration does not represent a
modification of the donor-acceptor FRET rate, but is a signa-
ture of the competition between donor intra-ensemble energy
transfer and inter-layer donor-acceptor FRET. With increasing
donor concentration it becomes likely that energy from a QD
emitting on the blue side of the donor ensemble emission
spectrum will be transferred to a closer energy-accepting QD
available within the donor layer, instead of being transferred
to a QD in the acceptor layer. The competition between
these two FRET processes can be well reproduced by a rate
equation model, which takes into account the concentration
dependent donor lifetime due to intra-ensemble FRET in the
donor reference monolayers. In addition, it was shown that
by including a concentration dependent quantum yield in
the FRET theory for homogeneous ensembles of donor and
acceptors, the donor concentration dependence of the FRET
efficiency can be reproduced as well. The concentration effects
in the monodispersed donor QD layer can have an impact on
the performance of QD based FRET devices and have to be
taken into account when analyzing FRET in QD structures.
Therefore in systems with inhomogeneously broadened donor
ensembles, the FRET rate and not the FRET efficiency
calculated on the basis of the donor lifetime decrease should
be used to characterize the FRET process. In the QD system
with a minimum donor-acceptor center-to-center separation
of 3.6 nm a donor concentration independent donor-acceptor
FRET rate as high as (1.2 ns)−1 is found, in good agreement
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with values reported in literature. Higher rates should be
possible by increasing the acceptor concentration and with
careful tuning of the spectral properties of the QDs to improve
the spectral overlap of the donor emission and acceptor ab-
sorption, while minimizing the overlap of donor emission and
absorption.
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