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The quantum dot (QD) concentration dependence of the optical properties of QD monolayers is shown to be
dominated by Forster resonant energy transfer (FRET) from smaller to larger QDs in the ensemble. With
increasing QD concentration a redshift of the peak emission wavelength, a shortening of the photolumines-
cence lifetime of the QDs on the high-energy side of the ensemble emission spectrum as well as increased
difference in the lifetimes on the high- and low-energy sides are observed in the layer-by-layer deposited QD
monolayers. There is also evidence of an increased rise time in the time-resolved photoluminescence decays on
the low-energy side of the QD emission for two of the three samples presented in most detail. A theory of
FRET in two dimensions is applied to explain the lifetime decrease on the high-energy side of the ensemble
emission and confirms that the impact of the QD concentration on the optical properties is primarily due to
FRET from the smaller to larger QDs in the ensemble. The concentration effects are stronger in QD samples
which have a broader emission peak compared to the Stokes shift. Based on good agreement with FRET
theory, the QD concentration and the overlap of the QD emission and absorption peaks can both be used to

control the efficiency of the FRET process in monodispersed QD layers.
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I. INTRODUCTION

Over the last decades quantum dots (QDs) have attracted
a lot of interest in solid-state research due to their unique
optical properties. The electron confinement results in very
narrow emission and can be easily tuned by changing the
size of the QD.' The quality of chemically synthesized col-
loidal QDs (or nanocrystals) has improved in recent times;
due to their high quantum yields and good photostability,
colloidal QDs are outperforming molecular dyes in many
areas of application.>? Colloidal QDs are widely used for
solution based nanosensors>* and for biological labeling,’
with great advances also reported for optoelectronic devices
containing colloidal QDs such as LEDs,%7 photodetectors,
and photovoltaics.8-10

An additional advantage of colloidal QDs is the possibil-
ity for easy and cost-effective processing. QDs can be ob-
tained in different solvents making them suitable for spin-
coating, drop-casting, or forming Langmuir-Blodgett
films.!'-13 Also the layer-by-layer (LbL) deposition tech-
nique, based on the electrostatic self-assembly of oppositely
charged macromolecules,!* has been shown to be suitable for
charged colloidal QDs such as CdTe QDs."> Numerous re-
ports have been published on energy transfer in QD struc-
tures formed using these techniques among others.'®>3 To
date there have been only a few reports investigating the
influence of the QD concentration on the optical properties
and/or energy transfer in monodispersed QD layers,'® even
though they are the fundamental building blocks of many of
the systems and devices highlighted above. It is important to
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consider the QD concentration when comparing the results
reported in different publications; its impact on the signal
levels, outcome of measurements and performance of de-
vices has to be determined and taken into account. Addition-
ally, the QD concentration may provide a mechanism for
tuning the energy transfer efficiency in QD layers.

The QD monolayers under study were prepared using the
LbL technique. It is a fast deposition technique that allows
for the formation of closely packed monolayers that are of
high interest for applications and that cannot be achieved as
easily with the other deposition techniques. Additionally, the
LbL technique enables the realization of complex layered
structures at the nanoscale on substrates of any shape and
morphology and is therefore a very powerful and flexible
tool.!>"13 Thus, it is used for the preparation of many differ-
ent types of structures and has, in particular, shown valuable
results for the preparation of light emitting and guiding
structures,”*~?7  photovoltaic devices,”®3° sensors, and
detectors.>'33 Artificially designed microparticles and nano-
particles with multiple functionality can be synthesized with
the help of the LbL technique and have been proposed for
applications in areas such as quantum-information process-
ing, optoelectronics, or biotechnology.*~3¢ As the LbL depo-
sition allows for the positioning of layers in nanometer steps,
it is also beneficial for the investigation of energy transfer
processes!”1921:22 a5 well as the interaction of surface plas-
mons with QDs.373°

Previous research reported in the literature has shown that
nanocrystal to nanocrystal energy transfer can be appropri-
ately described using Forster resonant energy transfer theory
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despite the inhomogeneous broadening of the QD ensembles
and their relatively large size compared to the typical Forster
radii of 2-10 nm.*>* Temperature dependence?® and dis-
tance dependence?’?? studies have provided further experi-
mental verification that energy transfer between colloidal
nanocrystal QDs occurs by the Forster resonant energy trans-
fer mechanism. Additionally, it was shown that energy trans-
fer in QD systems is occurring resonantly or isoenergetically
between the lowest-energy states of smaller QDs, from
which the emission arises, and states of larger QDs that cor-
respond to the distinct first absorption peak that is separated
from the QD emission feature by the Stokes shift.'"® We have
previously reported on Forster resonant energy transfer
(FRET) in mixed QD monolayers consisting of QD donors
and acceptors with two different sizes,** and FRET in
(mostly three-dimensional) monodispersed QD assemblies
has already been observed before.!®18.2023 Here, we present a
detailed analysis of FRET in monodispersed QD monolayers
giving rise to concentration dependent optical properties.

II. EXPERIMENTAL METHODS

Ten different samples of negatively charged, green-
emitting colloidal CdTe QDs, stabilized by thioglycolic acid
in aqueous solution, were used for the deposition of mono-
layers on quartz slides by the layer-by-layer electrostatic as-
sembly technique.'*!> The QDs were synthesized according
to standard procedures.*>*¢ By using a solution with low QD
concentration (1.5X 107% M) for immersion, the deposited
QD layer concentration was varied by changing the immer-
sion times between 1 and 40 min. A graph showing a typical
dependence of the QD layer concentration on the immersion
time for one of the QD samples can be found in the Appen-
dix.

The QD monolayers were deposited on top of four poly-
electrolyte bilayers. The polyelectrolyte layers provide a
charged surface for the adsorption of the charged QDs.
Each bilayer consists of a negatively charged poly(sodium
4-styrene sulfonate) (PSS) and a positively charged poly(di-
allyldimethylammonium chloride) (PDDA) layer. PSS and
PDDA (20 wt% solution) were obtained from Sigma Ald-
rich. The PSS solution for the LbL process was prepared by
diluting 560 ul of a PSS stock solution (containing 345 mg
PSS powder in 10 ml of millipore water) in 5.3 ml millipore
water and 0.2 ml of a 3 M NaCl solution. For the PDDA
solution 170 wul of the 20 wt % PDDA solution were mixed
with 5.8 ml millipore water and 0.2 ml of the NaCl solution.
The PSS and PDDA bilayers were deposited by immersing
the substrate alternating in the PSS and PDDA solutions for
10 min including an intermediate rinsing step in millipore
water for 1 min between each immersion.

A double beam UV-Vis Recording Spectrometer (Shi-
madzu UV-2401 PC) was used to measure the absorption
spectra of the QD solutions and layers between 350 and 800
nm. Room-temperature steady-state photoluminescence (PL)
spectroscopy of the solutions and the layers was performed
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
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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 with an
average power of 16 nW and a 10 MHz repetition rate for
excitation in these measurements. The PL decays were mea-
sured over an area of 80X 80 wm? (150X 150 pixels) with
an integration time of 4 ms per pixel. To collect the emission
from different parts of the QD ensemble broad band filters
centered at 500, 550, and 600 nm with a full width at half
maximum (FWHM) of approximately (70 = 5) nm were used
in the PL lifetime measurements. Under these excitation con-
ditions the integrated QD intensity increases linear with
pump power, ensuring that not all QDs are excited at the
same time and that there is no multiple exciton generation in
a single QD.

III. RESULTS AND DISCUSSION

Following the presentation of their properties in solution,
the concentration dependence of the optical properties of the
QD monolayers will be discussed in detail for three repre-
sentative samples of the ten samples investigated. A theory
of FRET in two dimensions*’ is applied to confirm that the
decrease in the lifetime on the high-energy side of the en-
semble emission is dominated by FRET from smaller to
larger QDs within the ensemble. Furthermore, it is shown
that it is sufficient to measure the lifetime difference across
the QD ensemble within the monolayer at a single concen-
tration to assess the prevalence of intra-layer FRET. The data
for all ten samples follows the trend of the theoretical curve
indicating the generality of the results.

A. Optical properties of QD solutions

In Fig. 1 the PL (squares, left-hand axis) and absorption
spectra (lines, right-hand axis) are shown for the solutions of
the three samples presented in most detail: QD1, QD2, and
QD3. The graphs for these three QD samples will always be
represented in the same order: QD1—top panel, QD2—
center panel, and QD3—bottom panel.

All three samples have PL emission in the green spectral
range and a summary of their respective PL emission wave-
length, the FWHM of the PL emission spectrum, the position
of the first absorption maximum as well as the Stokes shift
can be found in Table I. The large FWHM of the PL peak is
dominated by the inhomogeneous broadening of the QD en-
semble arising from a distribution of QD sizes, shapes, and
chemical inhomogeneities present in the sample.' Both, the
FWHM and Stokes shift of the QDs presented here lie within
the typical range of values observed for colloidal CdTe nano-
crystal QDs. QD1 has a large PL FWHM compared to its
small Stokes shift, where the Stokes shift is the energy dif-
ference between the first absorption peak and the PL emis-
sion maximum. The FWHM is almost equal to the Stokes
shift for QD2 and is smaller than the Stokes shift for QD3.

The QD size, as well as the concentration of the QDs in
solution, can be determined from the position of the first
absorption peak as well as the absorption value.*® For the
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FIG. 1. Emission (solid squares) and absorption spectra (solid
lines) of QDs in solution. The top, center, and bottom panels show
the spectra of the three samples QD1, QD2, and QD3, respectively.

three QD samples introduced above the QD size is approxi-
mately 2.7 nm in diameter for QD1 and 2.2 nm for samples
QD2 and QD3. The concentration of the QD monolayers cqp
has been determined by comparing their absorption spectra
to the ones of the solutions. Taking into account the change
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in absorption path length and assuming that the extinction
coefficient of the QDs is the same in solution and in the
monolayer, the ratio of the peak absorption values is directly
proportional to the ratio of the respective concentrations ac-
cording to Lambert-Beer’s law. The concentration C%D in the
QD monolayers was varied between 0.4 X 10'7 m™, corre-
sponding to a QD separation of approximately 5 nm, and
3.5X%10'7 m=2, where closely packed layers are formed. The
errors on the concentration varied from maximum 20% at
low concentrations to about 0.2 107 m™ for concentra-
tions above 1.0 10'7 m™2.

B. Optical properties of QD monolayers
1. Observations

The PL emission of the monolayers had to be corrected
for an emission background originating from light reflected
by the substrate as well as a weak polyelectrolyte emission.*
The integrated QD PL is shown as a function of the QD
concentration in the layer in Fig. 2 (solid squares, left-hand
axis). The integration was carried out between 450 and 700
nm, and therefore covers the whole emission range of all
three QD samples. As expected, the PL intensity increases
with increasing QD concentration. For QD1 a linear increase
of the intensity with concentration, as indicated by the
dashed line, occurs at low concentrations. The slope of the
line is proportional to the quantum yield of the QDs in the
layers. At higher concentration the PL intensity is increasing
at a slower rate, which would correspond to a decrease in the
quantum yield. For QD2 and QD3 the PL intensity increases
linearly with QD concentration even up to the highest con-
centrations investigated (Fig. 2). In Fig. 2, the PL peak wave-
length for each QD layer is also shown (open circles, right-
hand axis). It shifts to the red with increasing QD
concentration for all three QD samples. For QD1 the emis-
sion shifts from about 545 nm at a concentration of 0.6
X 10" m™ to 561 nm at 3.4 X 10'7 m™2, corresponding to a
shift of 16 nm. For QD2 the PL peak shifts by only 9 nm,
from 536 to 545 nm, in the same concentration range. No
low-concentration data below 1.4 X 10'7 m=2 was available
for QD3 due to the low quantum yield of this sample and the
comparison of the redshift cannot be extended to QD3 in the
same detail. Therefore, the peak wavelength shift of all three
samples is compared over a smaller concentration range be-
tween 1.4 and 3.4X10'7 m™2 as well. Over this range of
concentrations the emission wavelength of the QD3 layers
shifts by 4 nm as is the case for QD2. The QD1 layers again
show a larger shift of 6 nm in this concentration range. A

TABLE I. Optical properties of three QD samples studied; PL peak, PL FWHM, absorption peak, and
Stokes shift in wavelength and energy for the QDs in solution.

PL peak wavelength/energy PL FWHM First absorption peak Stokes shift
Sample (nm/eV) (nm/meV) (nm/eV) (nm/meV)
QD1 547/2.269 49/163 514/2.412 34.5/121
QD2 532/2.331 40/175 495/2.505 37.0/174
QD3 522/2.375 36/164 486.5/2.548 35.5/170
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FIG. 2. Dependence of the integrated PL intensity (solid
squares, left-hand axis) and the PL peak wavelength (open circles,
right-hand axis) on the QD concentration in the monolayers for
QD1 (top panel), QD2 (center panel), and QD3 (bottom panel). The
dashed lines are included as a guide to the eye to highlight the
mostly linear dependence of the integrated PL intensity on the QD
concentration. The error on the concentration determined from the
monolayer absorption spectra is maximum 20% at low concentra-
tions and reduces to 0.2X 10'7 m™2 at concentrations higher than
1.0X 10" m™2. The error in the determination of the peak wave-
length is at most 0.5 nm.

redshift of the PL emission peak is a signature of energy
transfer from the blue, high-energy side of the emission spec-
trum of the QD ensemble (small QDs) to the red, low-energy
side (larger QDs).!6:18:20.23

In order to investigate this more closely, time-resolved PL
measurements have been carried out on all QD layers. The
PL decays for QD layers with a concentration cqp of ap-
proximately 2.4 X 10'7 m~2 are shown over the first 5 ns in
the three panels of Fig. 3 for the three QD samples. The

PHYSICAL REVIEW B 81, 205316 (2010)

1.2 LA L R B LR B R LR I S
1k —&—no filter
> L —e— blue side | 1
'ﬁ 08 —A— red side
G
_"é' 06}
o
o
Noost
®
S
o
pd
0.2 ]
1k —a—no filter |
> - —eo— blue side|
7 0.8r —A— red side |]
C 5 4
Q
.E 0.6}
°
[0)
N o4}
@©
£
—
o
Z A
0.2 T T T T T i
1k —=—no filter ||
> : —e— blue side| -
% 08r —— red side |
C 4
o) QD3
_E 06}
°
o
N o4}
®
S
—
)
z
0.2 L
-1 0 1 2 3 4 5

Time (ns)

FIG. 3. (Color online) PL intensity decays of the overall
ensemble emission (black line, squares) as well as for the blue
side (blue line, circles) and the red side (red line, triangles) of the
ensemble emission spectrum in layers with c¢gp=~2.4X 107 m™2
for the three samples studied (QDIl—top, QD2—center, and
QD3—bottom).

decay recorded from the whole ensemble (no filter) is shown
in black (squares) and the decays on the blue and red sides of
the QD emission spectrum are shown in blue (circles) and
red (triangles), respectively. For all three QD samples a
faster decay on the blue side and a slower decay on the red
side with respect to the unfiltered decay is observed. Even at
this one concentration there is evidence that the difference
between the decay times on the blue and red sides decreases
from QDI to QD2 to QD3. This will be analyzed in more
detail below. It is interesting to note that the decay on the red
side of the QD emission spectrum shows a shift of the peak
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intensity to a later time, corresponding to a rise time of ap-
proximately 0.28 ns for the QD1 and QD2 layers. This is
also consistent with energy transfer from the blue to the red
side of the ensemble emission spectrum. However, there is
no discernible rise time for QD3.

The time-dependent intensity decays I(r) were fitted
with a two-exponential decay function I(r)=I; exp(—t/ )
+1,(~t/ 1), where two decays times 7; and 7, with the re-
spective intensity weights /; and I, were taken into account.

The average lifetimes 7 were calculated as intensity weighted
L +173 e
means 7= Average lifetimes 7, and 7,,, have been

determined for the decays on the blue and red sides of the PL
emission spectrum for all QD layers. The average error on
the extracted lifetimes is about 0.2-0.3 ns. In Fig. 4, the
average lifetimes of the blue side of the ensemble emission
spectrum are shown for all three QD samples as a function of
the QD concentration (solid squares, left-hand axis). The dif-
ference of the lifetimes from the blue to the red side, 1
— Tpe! Treq» 18 also shown (open circles, right-hand axis). For
QD1 (Fig. 4, top panel) the lifetime on the blue side of the
emission spectrum decreases from an initial value of about
9.0 ns at 0.4Xx 10" m™ to 2.2 ns at 3.4X 10" m=2. The
lifetime on the red side (data not shown here) is also decreas-
ing with increasing concentration; however the influence of
the QD concentration is less pronounced than for 7. In
order to compare these two lifetimes over the range of con-
centrations investigated, the difference 1-7,,,/7,, 1S ana-
lyzed. For QD1 this difference is almost negligible at a con-
centration of 0.4 X 10'7 m™ and increases to 75% at high
concentrations. The concentration dependence of the lifetime
difference follows a similar trend to the one observed for the
FRET efficiency with increasing acceptor concentration in a
mixed donor-acceptor QD monolayer.** However, the values
presented here cannot be understood as FRET efficiency as
the lifetimes on the blue side of the ensemble emission spec-
trum are compared with the ones on the red side and not an
undisturbed value of the blue side. The decrease in 7, is
less pronounced for QD2 (Fig. 4, center panel) and the life-
time difference only increases to about 65% at high concen-
trations. For QD3 (Fig. 4, bottom panel) 7, shows an al-
most concentration-independent value of about 6.2 ns and
Tpime and 7., show only a difference of 30% at high concen-
trations.

The decrease in 7, with increasing QD concentration
(corresponding to a decreasing QD separation) confirms
that the concentration effects presented here are due to en-
ergy transfer from the blue to the red side of the QD en-
semble emission (from smaller to larger QDs) by the Forster
mechanism,’*>! a nonradiative, resonant energy transfer pro-
cess mediated by dipole-dipole interactions. In a monodis-
persed multilayer or three-dimensional QD structure the ob-
served concentration effects on the optical properties of the
QD structures will be even stronger. Comparing FRET be-
tween donor and acceptor QDs in a mixed QD monolayer
and a separated donor/acceptor bilayer structure, slightly
higher FRET efficiencies are expected for the mixed mono-
layer structure due to the smaller donor-acceptor separations
in a closely packed layer.”> However, in the case of FRET in
monodispersed QD systems, adding a second (or more) layer
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FIG. 4. QD concentration dependence of the average lifetime on
the blue side of the ensemble emission spectrum (solid squares,
left-hand axis) as well as of the lifetime difference between the red
and blue sides (open circles, right-hand axis) for QD1 (top panel),
QD2 (center panel), and QD3 (bottom panel) monolayers. The error
on the average lifetimes extracted from two-exponential fits of the
PL decays is approximately 0.2-0.3 ns.

of QDs corresponds to an increase in the number of energy
accepting QDs around a particular QD in the structure.
Therefore, due to the increased QD concentration per unit
volume, the probability for energy transfer within the en-
semble will be enhanced. Increased energy transfer will lead
to further shifts of the PL peak emission wavelength, a stron-
ger decrease in the lifetime on the blue side of the ensemble
emission spectrum and an increased difference in lifetime
across the ensemble emission for three-dimensional QD
structures.

2. Theoretical modeling

In this section the impact of intra-ensemble energy trans-
fer on the lifetime in monodispersed QD layers will be in-
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vestigated in more detail. There are two nonradiative mecha-
nisms for energy transfer from a donor to an acceptor which
would both result in a decrease in the donor lifetime, the
Dexter exchange mechanism>>? and the Forster resonant en-
ergy transfer mechanism.”® The Dexter mechanism is con-
cerned with excitation transfer via an exchange process re-
quiring
the overlap of the wave functions between the donor and
acceptor. It is a short-range mechanism, efficient typically
on the subnanometer scale.”” In the QD monolayers the mini-
mum distance that can be achieved between the donor and
acceptor in a closely packed QD layer is given by the ex-
clusion zone, R,,, given by the sum of the radii of the QDs
and the thickness of the TGA ligand shell of 0.5 nm.>* The
length of the ligand is only taken into account once, as the
ligand shells can interpenetrate.'®>* This minimum separa-
tion of 2.7-3.2 nm for QDI1, QD2, and QD3 will only be
achieved at the highest concentrations and is still a relatively
large separation in context of Dexter energy transfer. In con-
trast the Forster mechanism is less sensitive to the donor-
acceptor separation than the Dexter mechanism and can oc-
cur over longer separation distances.’>>! As discussed earlier
there have been a number of previous theoretical and experi-
mental studies showing that energy transfer between nano-
crystal QDs can be appropriately described by FRET
theory.18:21-23:40-43

In order to investigate the impact of intra-ensemble FRET
on the lifetime in monodispersed QD layers in more detail,
the lifetime decrease presented in Fig. 4 is compared to the
concentration dependence of the lifetime predicted by a
theory of FRET between randomly distributed donors and
acceptors in two dimensions.*’ This theory has previously
been applied successfully to interpret the change in the donor
PL decay as well as the acceptor concentration dependence
of the FRET efficiency in a mixed donor-acceptor QD
monolayer.** In this theory the concentration dependence of
the yield g,=m(cop)/7’, the ratio of the concentration-
dependent lifetime and an undisturbed value in the absence
of energy transfer, is calculated according to Eq. (1) [Eq.
(22) in Ref. 47] as a function of the Forster radius R, and an
exclusion zone radius R,,, that arises from the QD size as
well as the thickness of the ligand shell.

q,:f e exp[— mCy(2/3,Mr)\'3]
0

Xexp[wCr3(1 —e™")]d\. (1)

In Eq. (1) the incomplete Gamma function 7(x,y)
=[37"'e7dz is used; r represents the ratio R,,/R, and C
=CQDR(2) is a dimensionless concentration of the QDs. R,, is
the exclusion radius, as described above. The Forster radius
R, is the distance between a donor and an acceptor for which
the FRET efficiency is 50%.

The results of the modeling of the lifetime data based on
the FRET theory in two dimensions are presented in Fig. 5.
The values for R,,, R, and the undisturbed lifetime 7,
on the blue side of the QD ensemble emission spectrum used
in the modeling of the lifetime decrease on the basis of Eq.
(1) are given in Table II. The data is presented as the yield,
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FIG. 5. Measured (symbols) and calculated (lines) lifetime yield
g, (left-hand axis) in dependence of the QD concentration cqp, for
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yield and the FRET efficiency are approximately 5%.

4= Toie(Cop)/ T s a function of QD concentration,
where the data for the experimental yield g, is calculated by
dividing the measured lifetime of each sample by the initial,
undisturbed lifetime value Tglue (given in Table II). It can be
clearly seen that the yield decreases most strongly for QDI,
less for QD2, and only little for QD3. The curves for the
theoretical yield are calculated by numerical integration of
Eq. (1). The optimum theoretical fits are represented as lines
in Fig. 5. The value of R,, is essentially determined by the
size of the QDs, which can be obtained from the spectral
data.*® The values for the QD size and R,, determined in this
way are given in Table II. Therefore, in fitting the experi-
mental lifetime data R,, was kept within the error of
*0.3 nm on the value extracted from the absorption spectra.
As can be seen good agreement between the experiment and
theory is obtained for each of the three types of QDs over the
full range of concentrations investigated, indicating that the
FRET mechanism can adequately explain the concentration
dependence of the lifetimes measured in the monolayers. It
can also be noted that no deviation from the FRET theory is
observed at high concentrations for any of the three samples,
indicating that even at these concentrations there is no evi-
dence to suggest a transition to the Dexter energy transfer
mechanism. Therefore it is concluded that FRET is the pri-
mary mechanism determining the concentration dependence
of the optical properties of the monolayers.

Additionally, as can be seen in Fig. 5 (right-hand axis),
control of the QD concentration provides a mechanism for
tuning the FRET efficiency. For example, for QD1 the FRET
efficiency, Erpggr=1-—¢,, can be varied from 0% to 85%.

The Forster radius R, can also be calculated from the
absorption and emission spectra of the QDs. Comparison of
the R, values extracted from both the lifetime and spectral
data provides a means to validate the parameters extracted
from the lifetime data and confirm that FRET is the dominant
mechanism influencing the QD concentration dependence of
the PL lifetime of the QD layers. The Forster radius R is
described by
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TABLE II. QD size, exclusion zone radius R,, and Forster radius R calculated from the absorption and

0

emission spectra of the QD samples; and R,,, Ry, and the undisturbed lifetime 7, extracted from theoretical
modeling of the lifetime as a function of concentration. The error on the parameters is given in each column

heading.
Based on spectral QD properties Based on lifetime data
Size #0.2 nm R,, 0.3 nm R; £0.2 nm R, =03 nm Ry =0.2 nm Tglm, *0.3 ns
Sample (nm) (nm) (nm) (nm) (nm) (ns)
QD1 2.7 3.2 2.8 3.0 3.0 12.3
QD2 2.2 2.7 2.5 2.7 22 7.8
QD3 22 2.7 2.0 2.7 1.8 7.5
K*Q 1/6 This overlap, as calculated with Eq. (3), arises from the in-
Ry=0.0211| —2J 2 :
0=V it ) 2) homogeneous broadening of the QD ensemble, represented

where the orientation factor is given by «?=2/3 for ran-
domly oriented dipoles, as is the case for the QDs in mono-
layers, and a volume-weighted refractive index n=2.1 is
used. The quantum yield Qj, is different for each QD sample
and was determined by comparison with a Rhodamine 6G
luminescence standard for the respective monolayers; it is in
the range of 3—6 % for the three QD samples QD1, QD2,
and QD3. The most important factor for the calculation of R
in this study is the spectral overlap J, which can be calcu-
lated using Eq. (3).%!

J= f k Top(\) - £gp(\) - N, (3)
0

where fQD()\) is the area-normalized emission spectrum and
gop(\) is the extinction spectrum. The extinction spectrum is
obtained from the absorption spectrum via Lambert-Beer’s
Law.* Normally, in donor-acceptor systems, J describes the
overlap of the donor emission and the acceptor extinction
spectrum. However, for the monodispersed QD structures in-
vestigated here Eq. (3) is used to calculate the overlap of the

area-normalized emission spectrum fQD()\) of a QD sample
with its own extinction spectrum £qp(N). J will therefore be
referred to as self-overlap in the following. The Forster ra-
dius R, determined from Egs. (2) and (3) for the three QD
samples are also summarized in Table II.

The values of R,, and R obtained from the modeling of
the concentration dependence of the lifetime yield g, agree
well with the ones estimated from the spectral properties of
the QD samples (see Table IT). This unambiguously proves
that the decrease in the lifetime with QD concentration is due
to FRET from the blue to the red side of the QD ensemble
emission spectrum. Furthermore it shows that the ligand
shell sufficiently separates the QDs so that no other mecha-
nisms such as surface effects due to direct contact or tunnel-
ing between the QDs has to be taken into account to interpret
the lifetime data. These effects can therefore be neglected
when studying layers formed with this type of chemically
stabilized QDs.

As has already been reported for other monodispersed QD
assemblies, the energy transfer is due to an overlap of
the first absorption peak with the PL emission of the QDs.

by a large PL FWHM, and a small Stokes shift.!®!820.23 The
three samples can be characterized by the ratio of the PL
FWHM and the Stokes shift. As this ratio decreases from
1.35(QD1) to 1.01(QD2) to 0.96(QD3), corresponding to a
decrease in the overlap of the QD states, a reduced impact of
the change in QD concentration on the optical properties of
the QD monolayers is expected and observed. Increased
intra-ensemble FRET in the QD1 and QD2 samples may also
explain the sublinear increase in the integrated PL intensity,
seen in Fig. 2, as energy losses might occur during the en-
ergy transfer.

3. Impact of self-overlap

In order to characterize the impact of FRET on the optical
properties of all ten QD samples, the lifetime difference
-7/ Treq 1s analyzed at a fixed concentration. Even
though this parameter is not the real FRET efficiency
Errer=1-g¢,, it has a similar concentration dependence as
has been discussed above. The advantage of considering the
lifetime difference, 1— 17,/ 7.4, i that it allows for evalua-
tion of the probability of intra-ensemble FRET in a specific
QD sample from a single measurement at only one concen-
tration. Accurate determination of the FRET efficiency Errgr
or the yield g, would require measurements on at least two
monolayers of different concentrations, including one at a
very low concentration. In Fig. 6 the lifetime difference as a
function of the self-overlap J, calculated from the solution
spectra with Eq. (3), is shown for all ten QD samples at a
concentration cqp of approximately 2.5 X 10" m™. It can be
clearly seen that the difference in lifetime of the blue and red
sides of the ensemble emission increases with increasing
self-overlap J, consistent with the stronger influence of intra-
ensemble FRET on the optical properties of monolayers of
QD samples with a higher self-overlap.

It is interesting to note that this trend can be fitted with
the dependence of the FRET efficiency Epgpr on the
self-overlap’!

1 1

1+ [E (Ro/ri)ﬁ]_1 ~ L+const. 7!

(4)

Eprgr=
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FIG. 6. Lifetime difference of the blue and red sides of the
QD ensemble emission (squares) for monolayers, with a concen-
tration cop=~2.5%10'" m™2, as a function of the self-overlap J
for ten different QD samples. The theoretically calculated trend
(line) is based on the dependence of the FRET efficiency on the
self-overlap J.

The distance r; denotes the distance between one QD and
its /" neighbor. In a closely packed layer six QDs are located
in the first shell around a central QD. Assuming that only
these nearest neighbors will be able to receive energy from
the central QD due to a relatively large QD separation com-
pared to R, the constant in Eq. (4) can be written as

pA )6 n'
0.0211/ 6-K*Qp

As J is calculated in units of nm* M~! cm™, the QD sepa-
ration rp, has to be included in nm in Eq. (5). At a concen-
tration cgp=~2.5X 10" m™ closely packed layers are
formed, and rp, will be approximately R,, which is an aver-
age 2.7 nm for the ten QD samples ranging in diameter from
1.0 to 2.8 nm and emission peak wavelengths between 511
and 553 nm. The refractive index » is 2.1 and the orientation
factor k’=2/3 as stated above. Including a quantum yield
Qp of 2% in the QD layer, the constant given by Eq. (5) is on
the order of 1.1 X 10'5. The best fit, represented by a line in
Fig. 6, is achieved for const.=1.4 X 10'3, which is in reason-
able agreement with the expected value taking into account
the difference in size for the ten QD samples as well as
variations in the quantum yield and QD concentration in the
different monolayers. The good agreement between the trend
of the FRET efficiency as a function of self-overlap with the
lifetime difference indicates that it is reasonable to use the
lifetime difference of the blue and red sides of the QD en-
semble emission to indirectly observe the intra-ensemble
FRET from the lifetime measurements at a single concentra-
tion.

For experimental studies of QD structures and devices, in
particular those based on energy transfer, for light emitting
diodes and photovoltaic application, it is important to be
aware of the possibility of intra-ensemble FRET within the
QD layers. Where intra-ensemble FRET could affect the re-
sults of measurements or impair device performance Fig. 6

(5)

const. = (
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FIG. 7. Dependence of the quantum dot concentration in the
layer-by-layer deposited layer on the immersion time.

indicates that QD samples with a self-overlap of less than
1.0X 10" nm* M~' cm™! should be used for green emitting
CdTe QDs. Equations (4) and (5) can be applied to determine
the appropriate self-overlap for nanocrystal QDs of any ma-
terial or size emitting in a different wavelength range. How-
ever, as the overlap depends on the Stokes shift and the
FWHM of the PL peak, a small self-overlap is typically
achieved at the expense of the quantum yield as the reduc-
tion in the FWHM is obtained by more stringent size selec-
tion, reducing the overall luminescence. Therefore, the need
for a small self-overlap has often to be traded off against a
loss in quantum yield.

IV. CONCLUSIONS

The optical properties of QD monolayers have been in-
vestigated in detail for three QD samples of differing inho-
mogeneous broadenings and Stokes shifts. As the QD con-
centration in the layers increases the PL peak wavelength
redshifts, the lifetime on the blue side of the PL emission
spectrum decreases and the difference of the lifetimes of the
QDs on the blue and red sides of the ensemble emission
increases. These effects are attributed to Forster resonant en-
ergy transfer from smaller to larger QDs within the en-
semble, facilitated by the overlap of the absorption and PL
peak. The concentration dependence of the lifetime on the
blue side of the QD ensemble emission can be reproduced by
FRET theory in two dimensions, confirming that intra-
ensemble FRET is the dominant process giving rise to the
shortening of the QD decay with increasing concentration.
For QD samples with a small self-overlap, due to a small PL
FWHM and a large Stokes shift, the concentration effects are
less pronounced. The deviation of the PL intensity from a
linear increase with increasing QD concentration, in the
samples in which the most energy transfer can occur, may be
explained by energy losses due to increased energy transfer
at high concentrations. The trend of an increasing influence
of the QD concentration on the optical properties of QD
monolayers for samples with increasing self-overlap is in
good agreement with FRET theory. Temperature tuning for
controllable FRET has been previously proposed.” Here we
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have shown that it is possible to control the efficiency of the
FRET process within the QD layers through variation in the
QD concentration and/or careful selection of the inhomoge-
neous broadening and Stokes shift of the QD ensemble.
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APPENDIX

With a concentration of 1.5X 107 M, the QD solution
for the layer-by-layer deposition of the QDs is not over satu-
rated and for short immersion times in the range of tens of
minutes, only submonolayer coverage is achieved. There-
fore, the concentration of the QDs in the deposited layers
can be varied by changing the immersion time as shown in
Fig. 7.
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