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We study spectrally resolved dynamics ofrgter energy transfer in single monolayers and bilayers of
semiconductor nanocrystal quantum dots assembled using LangBlodgett (LB) techniques. For a single
monolayer, we observe a distribution of transfer times froB0 ps to~10 ns, which can be quantitatively
modeled assuming that the energy transfer is dominated by interactions of a donor nanocrystal with acceptor
nanocrystals from the first three “shells” surrounding the donor. We also detect an effective enhancement of
the absorption cross section (up to a factor of 4) for larger nanocrystals on the “red” side of the size distribution,
which results from strong, interdot electrostatic coupling in the LB film (the light-harvesting antenna effect).
By assembling bilayers of nanocrystals of two different sizes, we are able to improve the-doneptor
spectral overlap for engineered transfer in a specific (“vertical”) direction. These bilayers show a fast,
unidirectional energy flow with a time constant sfL20 ps.

1. Introduction absorption spectra. In this work, we demonstrate ET transfer
times as fast as-50 ps in close-packed, two-dimensional (2D)
monolayers assembled using LangmtBlodgett (LB) tech-
niques. On the basis of the structural information obtained from
transmission electron microscopy (TEM) studies, we are able
to closely model complex, nonexponential ET dynamics within
amultishellmodel. Furthermore, by using NQDs of two different
sizes, we fabricate LB bilayers in which the donaicceptor
fspectral overlap is engineered to provide efficient coupling of
a monolayer of smaller NQDs to a larger NQD monolayer.
These bilayers exhibit a fast, directional (“vertical”) ET with a
time constant of~120 ps.

Nonradiative Fester energy transfer (ET)via incoherent
electrostatic interactions is an important communication and
transport mechanism at the nanoscale. In living plants, this
mechanism enables the delivery of energy from strongly absorb-
ing chlorophyll antenna complexes to the reaction center; as a
result, the effective absorption cross section of this center can
be greatly increased. The direction of energy flow in “natural”
antenna complexes is controlled through the use of a series o
coupled chromophores, which provide an energy gradient (an
energy drop) toward the reaction center. Light-harvesting anten-
na functions have been reproduced in artificial energy-gradient
assemblies based on organic mqlecules such as porphyrins (se%_ Experimental Section
e.g., ref 2 and references therein). An alternative approach to
engineering light-harvesting systems is to use inorganic semi- Nanoparticle SynthesisHexadecylamine-capped CdSe NQDs
conductor nanocrystals [nanocrystal quantum dots (NQDs)]. were prepared as described in ref 6, and the NQD growth
Because of the effect of quantum confinement, the absorption solution was washed with acetone and methanol to remove
and emission spectra of NQDs can be tuned over a wide energyexcess unbound ligand. Ligand exchange of the hexadecylamine
range (1 eV) by simply changing the particle dimensions. This capping agent for octylamine was accomplished by stirring a
size-controlled spectral tunability, combined with the ease with solution of the NQDs in excess octylamine at®Dfor 12—24
which NQDs can be manipulated into complex architectures, h. Hexane was added, and the NQDs were precipitated with
provides a powerful tool for engineering assemblies with methanol. TOPO/TOP-capped CdSe/ZnS eafeell NQDs
controlled energy flows. ET in NQD systems has been studied were prepared as described in ref 7. Several precipitations of
using close-packed solids of nominally monodisperse N&Ps,  the NQDs with methanol were carried out to completely remove

random assemblies of NQDs with bf-and trimodal size all unbound ligand.

distributions, and artificially engineered gradient structdrése Langmuir —Blodgett Films. The Langmuir-Blodgett (LB)
fastest ET time observed for NQDs has beeh ns, which is experiments were performed on a NIMA Technology (Coventry,
more than an order of magnitude slower than the liitQO England) Type 611 Langmuir trough (octylamine-capped CdSe
ps) estimated for the case of an NQD donor interacting with a NQDs) or with a KSV Instruments (Stratford, CT) 2000 system
single, resonant acceptor in its immediate vicifity. (CdSe/zns coreshell NQDs). A Barnstead NANOpure puri-

Improvements in the ET rates are possible through the designfication system produced water with a resistivity of 18
of structures with reduced doneacceptor separation and cm for all experiments. Glass and quartz substrates were cleaned
improved spectral overlap of the donor emission and acceptorusing the RCA procedufeind dried under a stream of nitrogen.
The nanopatrticles were dissolved in chloroform at concentrations
* Corresponding author. Phone: 505 665 5477; fax: 505 667 7289; between 2 and 10 mg/mL. The temperature of the subphase

e'TaC“r:]e"r"Tfizﬁrm&Ci”S%'r?”'-gov- was 19.0+ 1 °C for all experiments. Surface pressure was
+ National ﬂigh Magnetic Field Laboratory. measured W_ith a paper Wilhelmy plate suspended from a NIMA
8 E-mail: klimov@lanl.gov. or a KSV microbalance.
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Pressure versus area isotherms for the TOPO/TOP-capped [—
CdSe/znS coreshell NQDs and the octylamine-capped CdSe t<1sz ET (a) R1 < R2 (b)
NQDs were similar to those reported previously for analogous —" R

materials>10 In all cases, transfer pressures were chosen to 1:<1sz
achieve dense, close-packed films of NQDs. Single monolayers E = -
of TOPO/TOP-capped CdSe/ZnS coehell NQDs were com- oy 2 o
pressed at speeds of 15 mm/min to target pressures between 35| & o =

. . 7] T
and 40 mN/m and transferred onto solid supports using (2 |_J o
conventional vertical dipping methods, in which the monolayer ® o _l“’
was transferred on the upward stroke onto hydrophilic substrates o
at rates between 2 and 5 mm/min. For the octylamine-capped A 4
CdSe NQDs, monolayers were compressed at similar speeds to r
a target pressure of 35 mN/m and transferred onto solid supports r”!
using the horizontal lifting method. To prepare the bilayer Lt

structures, a monolayer of large, octylamine-capped CdSe _ cdse ™

NQDs was compressed and transferred onto a quartz substrate. " "

This film was allowed to dry for up to 30 min before the y

monolayer of small octylamine-capped CdSe NQDs, compressed | glass substrate | Energy

to 38 mN/m, was transferred on top using the horizontal lifting Figure 1. (a) Schematics of energy states in CdSe NQDs of two
method. Monolayer films were transferred onto holey carbon- different sizes that interact via ET in the strong coupling regime (the

coated 200 mesh copper TEM grids for imaging. To prepare emitting state in the smaller NQD is in resonance with the absorbing
tate in the larger NQD). The exciton generated in a smaller donor

thebse Samplesd, ft.re sides of th? grl((jis Wereh tapEd.éo 9"'."5§\|QD by photoexcitation rapidly relaxes into its ground state. In the
substrates, and films were transferred onto these grds usinge,qe of sufficiently close separation between the donor and acceptor

the horizontal lifting method (octylamine-capped CdSe NQDs). NQDs, the exciton can experience resonant ET into the absorbing state
Spectrally- and Time-Resolved Photoluminescendexperi- of the acceptor NQD. After fast relaxation, it recombines or is again

ments.To study the photoluminescence (PL) dynamics, NQD transferred to another NQD in the assembly. (b) A schematic

samples were excited at 3.1 eV by 100 fs pulses from a pu|Se_representation of the absorption (dashed line) and PL (solid line) spectra

. . ] . __of donor and acceptor NQDs for the situation displayed in panel a.
picked, frequency-doubled Ti:sapphire laser (Spectra-PhysmsThe NQD radii R, andRy) are selected to provide a strong overlap

Tsunami). The pump fluence was adjusted to excite less thanpepyeen the emission spectrum in smaller NQDs and the lowest
0.1 electror-hole pair per NQD on average. The use of low apsorption peak in larger NQDs.

pump intensities allowed us to avoid inter- and intradot exeiton . .
exciton interactions, which otherwise could complicate the ©dge optical properties of CdSe NQDs are governed by two

interpretation of the experimental results. The PL of NQD manifold_s of closely spaced Iev_els._ The lower excit(_)n manifold
samples was spectrally dispersed in a monochromator (Acton'€Sponsible for the NQD emission has a relatively weak
Research SpectraPro 300i with a 600 grooves/mm grating) andoscillator strength, whereals.the upper manifold is characterized
detected with a cooled multichannel plate photomultiplier tube PY @ much stronger transition observed as an intense lowest
(Hamamatsu R3809U-51). The detection system was coupled(1S) absorption peak. The energy gap between the upper
to a time-correlated single photon counting system (Becker- _(abso_rblng) and lower (emitting) exciton manifolds is obs_erved
Hickl SPC-630), which allowed a 30 ps time resolution in time- I OPtical spectra as a large (fror20 to~100 meV, depending
resolved PL measurements. As indicated by previous stélies, N the NQD siz®), global Stokes shiftAgs) between absorp-
the PL parameters of NQD LB-films can change significantly ton and emission peaks (Figure 1b). The exciton transfer
within the first minutes of illumination. To avoid these slow Petween NQDs of similar sizes relies on coupling between two
transient changes, all PL data were acquired after sufficiently Weak emitting transitions (the weak-coupling regime) and,
long, continuous illumination of the LB samples with the '_[herefore_, is not eff|_c_|ent_. Much stronger co_upllng is prov_lded
excitation laser beam to ensure that PL signals were stabilized.If the emitting transition in the donor NQD is resonant with a

All measurements were performed at room temperature andS{rong absorbing transition in the acceptor NQD (the strong-
under normal pressure. coupling regime). This situation can be realized in NQDs with

significantly different sizes. The ET between such NQDs results

in the creation of a “hot” exciton in the acceptor NQD occupying

the upper manifold of absorbing states. Because of the extremely
In NQD assemblies, ET occurs as a result of the electrostatic efficient intraband relaxation~1 ps or shortéf), the “hot”

interactions of the emission dipole moment of an exciton exciton rapidly loses its excess energy and relaxes to the

generated in one NQD with the absorption dipole moment of acceptor ground state. This state produces emission, which is

another NQD. This process leads to the migration of excitons significantly red shifted with respect to the donor emission.

from smaller to larger NQDs in the ensemble, that is, in the Thus, the strong-coupling mechanism results in a direct exciton

direction of the reduced energy gap. Exciton transfer is transfer across alarge energy interval that is roughly determined

manifested as a low-energy shift of the PL bahdnd a by the global Stokes shift.

significant acceleration of the emission decay on the blue side In the dipole-dipole approximation, the timerpa, of ET

of the spectrumi. As was observed in recent studies of ET between a donor and an acceptor NQD can be estimated using

dynamics; exciton migration is dominated by direct energy the Faster expressidn

transfer from the “blue” to the “red” side of the PL spectrum 5 25

across an energy gap of several tens of meV, which corresponds 1 _ 2mHp Ha K o 1

to the transition between NQDs that differ greatly in size. The Toa T A o (1)

latter observation is consistent with the energy structure of the

band-edge exciton states shown in Figure'®&.The band- in whichup andua are the donor and acceptor dipole moments,

3. Multishell Model of ET in NQD LB Assemblies
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r is the donotacceptor separatior® is the overlap integral
between normalized donor emission and acceptor absorption!
spectrai? is an orientational factor (accounts for the distribution
of angles between the donor and the acceptor dipole moments#$ ?-;s-
for random dipole orientatior? = 2/3), andn is the refractive O _ e 3%
index of the medium. Most efficient ET corresponds to the ﬁ":m?r
situation for which two NQDs located in the immediate vicinity * -

of each other resonantly interact in the strong-coupling regime.

It has been determined that for CdSe NQDs-@.2 nm radius

(R) with a surface-to-surface separation-ef nm (the typical
length of a surface ligand molecule), the ET time is fasB8

ps) if the “emitting” transition in a donor NQD is resonant with
an “absorbing” transition in an acceptor N®@pectral overlap

© is optimized). However, in films fabricated by drop casting
from nominally monodisperse NQDs, the ET times found
experimentally are on the nanosecond time scale. As was
concluded in ref 5, this relatively slow transfer does not result
from weak interdot coupling but from a low NQD packing
density. The small number of NQDs in the immediate vicinity
of a donor NQD (in the first shell) reduces significantly the
probability of the occurrence of a resonant acceptor. Therefore,
in drop-cast films, ET is dominated by interactions of a donor
NQD with the second or higher-order shells of nearest  Figure 2. (a) ATEM image of an LB monolayer of octylamine-capped
neighbors, which have a higher NQD population than the first CdSe NQDs with radiu® = 2.2 nm (the monolayer was transferred

- - onto a TEM grid at a pressure of 35 mN/m). (b) An ideal hexagonal
2?(tail1lea?edsrc])?lg(r::te g(r:?:\élgt?)? greater probability for the occurrence 2D array of spheres. Different colors show three main shells. Different

shadings within the main shells show different subshells. (c) RDF of
Because of the enhanced NQD packing density induced by the LB sample shown in panel a (red line). Black bars represent the

monolayer compression, LB films can, in principle, allow an RDF of an ideal hexagonal array composed of spheres with a center-
enhanced efficiency of Fster interactions between NQDs at to-center distance of 5.4 nm. The blue line is the RDF of a “nonideal”
the nearest-neighbor distance by providing an increased numbe‘l;g())(/agonal array with fluctuation in the sphere-to-sphere distances of
of potential acceptors in the first shell. Furthermore, an >

additional enhancement compared to three-dimensional (3D)
films can occur because of the decreased screening of interdo
Coulomb interactions, which takes place not through a high
index NQD solid, which is the case in 3D films, but rather
through a lower index medium (substrate on one side of the

LB monplayer an_d vacuum or air pn t_he gther SIde_)' ) characteristic of the ideal hexagonal arrdyi & 6, N, = 12,
A typical TEM image of an LB film in Figure 2a indicates 54N, = 18), which is a result of the disorder present in our
that the NQDs form a dense, close-packed monolayer, which| o samples.

exhibits short-range, hexagonal order. In an ideal hexagonal 2D
array (Figure 2b), NQDs surrounding a specific “center” dot
can be grouped into shells according to their distance from the

central dot. Furthermore, shells of similar radii (subshells; shown S . . -
in Figure 2b by different shadings) can be grouped into main consider it in terms of NQD-to-shell interactions. The efficiency

shells (shown in Figure 2b by different colors). These main _Of the Iatte_r process is det(_armined by the sheI_I radi)sagd
shells have radii that are approximate multiples of the nearest-tS Population factor i), which both can be derived from the

|1 st shell\ (c)

15 20

5 10
Distance (nm)

and is typically broader than the latter by a factord). The
bopulation factors for individual shell§; j = 1, 2, ...) can be
quantified by integrating the individual peaks of the RDF. By
applying this procedure, we find that the first three shells contain
ca. 5, 8, and 11 NQDs. These values are lower than those

The existence of well-defined shells in LB films can simplify
the analysis of the ET dynamics. Specifically, instead of
considering ET in terms of NQD-to-NQD interactions, we will

neighbor distanced: ri/d = 1, r,/d = 1.87, and's/d = 2.76 ¢ TEM a[11alysi3. For a given shell ?umb'et_fze effective transfer
is the mean radius of subshells that compose the main shell"at€ i) can be expressed as™ U Niri ™.
numberi). As a measure of ET dynamics, we use a time-dependent

The packing of the film can be characterized by the radial average exciton energg(t)Ll For a given donor NQD (emission
distribution function (RDF). The ideal hexagonal array has a €nergyEp) interacting with théth-shell, the temporal evolution
discrete RDF (shown in Figure 2c for= 5.4 nm), in which  ©f the exciton energy can be describedst) = Ea + (Ep —
eachd-function-like peak represents a distinct shell. For our Ea)e”®, in which Ea is the acceptor emission energy.
LB monolayers, we determine the RDF from the distribution According to ref 5, in assemblies of nominally monodisperse
of interdot distances in TEM images. As a consequence of the NQDs, ET is dominated by the strong-coupling mechanism for
short-range order, the RDF of LB samples exhibits several Which the exciton is transferred across a large energy interval
maxima at smalt. For our samples, we typically observe three (A = Ep — Ea), which is roughly determined by the global
distinct RDF peaks (Figure 2c), indicating the existence of three Stokes shift. In this case, the time-dependent exciton energy
well-defined shells. The measured distribution function can be can be presented &t) = Ea + Ae~“%). To extend this single-
closely reproduced using the convolution of the RDF of an ideal shell expression to a multishell situation existing in real LB
hexagonal lattice (discrete bars in Figure 2c) with a Gaussian assemblies, we can simply average it over all shells using
distribution function (standard deviation of 13%), which ac- weighting factorsf; (3=, fi = 1), that describe the probability
counts for the distribution of the interdot distances (note that for an exciton in a given donor NQD to undergo transfer into
this distribution is not identical to the NQD size distribution the shell number. This averaging leads to the expression



Picosecond Energy Transfer J. Phys. Chem. B, Vol. 107, No. 50, 20083785

tensity (arb. units)
=
PL intensity (arb. units)
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@ — 530 nm 570 nm
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\— 540 nm — 580 nm| -
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in which [(EpCand[EaCare the average energies of excitons in

donor and acceptor NQDs, respectively. The latter expression:
indicates that the exciton dynamics within the shell model can
be described by the sum of exponential decay terms, and eact-
term is directly associated with ET into a specific shell.

-

n

o2

-

PL

4. ET Dynamics in LB Monolayers

Figure 3a displays spectrally resolved PL dynamics of an LB

monolayer fabricated from CdSe/ZnS ceshell NQDs with a 4 W 2148V
core radius of 1.5 nm. The PL traces show a progressively fasterg - ﬁgﬁﬁw )
decay with increasing spectral detection energy. This behavior’s | 1 3t o
is a clear signature of ET that leads to the migration of excitons g o

from smaller to larger NQDs in the NQD ensembl&@he s N

observed dynamics, however, are not entirely due to exciton 2 5 il tmend 7
interdot transfer but also result from radiative and nonradiative $ o1r ]

recombination. To extract the contribution related purely to ET, k= 1

we normalize the recorded PL traces by a time-dependent factor,a (d)

A1) = f5 l(w,t)dw, in which I(w,t) is the time- and spectrally 0.0 TSP o
resolved PL intensity. This factor is proportional to the total " Energy(eV) Energy (eV) '

number of excitons at a given timteind describes the exciton Figure 3. (a) Spectrally resolved PL dynamics in an LB monolayer

recomb_mgnon dynamics resulting _from both rad_latlve and of core-shell CdSe/ZnS NQDs (the CdSe core radius is 1.5 nm). (b)
nonradiative processés.The normalized traces (Figure 3b) The same dynamics but corrected for recombination losses; these
indicate that the signal decay on the blue side of the PL spectrumdynamics are primarily due to ET. (c) PL spectra measured at 0 ns
is complementary to PL growth on its red side, which corre- (blue solid circles) and 10 ns (red squares) after excitation indicating
sponds to the outflow (in smaller NQDs) and inflow (in larger & large retq Shif; fesluﬂng ffomeT- t(_d) R}?{ﬁﬁVe effective abSOFQIEir?n
NQDs) of excitons, respectively. ET also leads to a pronounced '0SS-S€Cliower/do plOUed as a unction of the emission energy. 1ne
d;%arrzic red shift in th(f PL em)i/ssion spectrum; it mgves by 60 inset showsf(t) (black) and PL traces!w,0)] at 2.14 eV (red) and

. . ’ 2.43 eV (blue), all normalized to zero time delay. The areas under these
meV within 10 ns (Figure 3c). traces are used to calculate the spectrally dependent effective absorption

The ET-induced increase in the PL intensity on the red side cross section.

of the spectrum can be interpreted in terms of an effective
increase of the absorption cross section in larger NQDs because

of the exciton inflow from smaller NQDs (the latter perform [EC= 541 j:o hw*l(w,t)dw 3)
“light-harvesting” antenna functions). We define the effective
ET-absorption cross sectioper(w) of NQDs with a given The resultingE(t) dynamics are shown in Figure 4 by solid

emission energye (i.e., a given radiu), as the product of  jrcles. To evaluate the role of increased packing density

the usual absorption cross section without &g,,and an ET- (yresumably achieved by the LB technique) on ET rates, we
induced enhancement factor, \_/vhlch is given by the ratio petween compare these dynamics with those measured for drop-cast (3D)
the ”“mbfrs of photons emitted by a given NQD with ET, fiims fabricated from the same NQDs (triangles). The recorded
l(@,0)7! [g He,b)dt, and without ETB(0)~* /oA(t)dt (see the  graces indicate that the ET-induced shift in the average exciton
inset of Figure 3d). energy is significantly greater for the LB film (55 meV)
Figure 3d displays the ratioer(w)/oo as a function of the  compared to the drop-cast sample (30 meV). Furthermore, we
NQD emission energy. These data indicate a considerable in-observe that the initial ET dynamics are significantly faster in
crease (by a factor of-4) in the effective absorption cross the LB monolayer. The initial ET time constant is 50 ps, which
section in larger NQDs (the red side of the PL band), which is is as fast as in, for example, porphyrin-based artificial antenna
accompanied by a reduction in the effective absorption cross complexe. These fast dynamics are not present in the drop-
section in smaller NQDs (the blue side of the emission cast sample, for which the fastest transfer time 850 ps. For
spectrum). two adjacent NQDs of 2.2-nm radius with a surface-to-surface
ZnS-overcoated CdSe NQDs give rise to very stable, highly distance of 1 nm (the length of the ligand molecule), the
luminescent LB films. However, the ZnS shell increases the estimated ET time is approximately 40 ps for the case of the
overall NQD size and hence the distance between adjacentstrong-coupling regime (the dipole moments and the spectral
NQDs. Because of the® distance dependence of the ET rate, overlap integral used in this estimation are from ref 5). This
even a small increase in the dor@cceptor separation results time is very close to the value observed in the LB film
in considerably decreased ET rates. To achieve faster ET wesuggesting that in LB monolayers, there is a significant
use “bare” NQDs (no ZnS shell) capped with relatively short probability for the occurrence of a resonant acceptor in the first
ligand molecules. We perform spectrally and time-resolved PL shell of the nearest neighbors. In contrast, this probability is
measurements of an LB film of octylamine-capped CdSe NQDs quite low in the less dense drop-cast films for which the fastest
with radiusR = 2.2 nm. From the measured PL traces, we derive ET time is about a hanosecond.
the temporal evolution of the average exciton energy using the To apply the shell model to the analysis of ET dynamics in
expression LB assemblies, we first estimate the range ofdter transfer
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(in terms of shell numbers) by comparing its efficiency with  Figure 5. (a) Schematic of the “energy-gradient” bilayer structure

the efficiency of the intrinsic radiative decay. The critical shell fabricated from NQDs with a significant size disparity (panel on the
number {g) for which ET and radiative recombination are right). This design allows us to strongly couple the emission from the
equally efficient can be estimated from the conditior= 7, quer of smaller NQDs to the dense, strongly absorbing manifolql of
in which 7, is the radiative decay time. The ET time for title high-energy states in larger NQDs (panel on the left). (b) Normalized

. et . PL spectra of the NQD bilayer measured at different times after
shell scales with respect to the first-shell transfer time; as excitation. The zero-delay-time spectrum is decomposed into two

i°71 (Ny/N;). Since in a 2D monolayer the shell occupation factor, Gayssian bands (blue dashed lines) that correspond to emission spectra
Ni, is approximately proportional tg the eXpFESSIOn for; from individual monolayers. (c) The bilayer PL dynamics measured at
s o, r, wihch uimatcly g~ V(). For 2308V (e sqareyand 214 (s, T e of s
the CdSe NQD SI1zes used n our_experlr’rlgnts,_ the room- dynamics related primarily to vertical interlayer transfer.

temperature radiative decay time is20 nsi® while the

measured time is ~50 ps, which yieldsr ~ 3. This result 3 good spectral overlap, in the immediate vicinity of a donor
indicates that in the analysis of ET dynamics in our LB sample, NQD. One example of such a structure is an NQD bilayer built
itis sufficient to account for only the three first shells interacting  of NQDs with distinctly different size3In the case of a large
with the donor NQD. In this case, we should be able to sjze disparity, an exciton in a smaller NQD strongly couples to
accurately fit the ET dynamics to a sum of three exponential a Jarge-spectral density manifold of high-energy states in a larger
terms. We indeed find that such a fit is possible (see Figure 4), NQD, which can lead to efficient interlayer ET. Such a proto-
and it produces time constants= 50 ps,7> = 0.75 ns, ands type bilayer structure was realized in ref 5, where covalent
= 10 ns. Each of these time constants can presumably bejinkages were used between NQDs of 1.3- and 2.05-nm radii.
assigned to a specific shell and, therefore, should be directly An efficient directional (“vertical”) ET was observed. However,
related to the shell radius and its occupation factor. Specifically, pecause of the relatively large length of the linker molecule,
the Faoster theory (eq 1) predicts that the shell radii and which caused a large interdot separatier6(2 nm center-to-
corresponding transfer time constants are related by the exprescenter), the vertical ET was relatively slow and had a time
sion: (i/r)) = /(N/N)(z/7)). Using the time constants deter- ~constant o~750 ps. _ _ _
mined by fitting the experimental data in Figure 4 and the shell ~ To improve interlayer coupling and to achieve a faster vertical
occupation factors derived from the TEM analysis (section 3), ET, we fabricate a bilayer structure (Figure 5a) by directly
we findro/r; = 1.7 andra/r; = 2.8. Both of these values are in  transferring an LB monolayer of small NQDs (1.5-nm radius)
good agreement with those expected for the ideal hexagonalonto an LB monolayer of larger NQDs (1.9-nm radius). This
array (1.87 and 2.76), indicating that time constants derived from method eliminates the linker and allows us to minimize the
a simple multiexponential analysis are indeed directly associateddistance between donor and acceptor NQDs, which is deter-

with ET into specific NQD shells. mined by the length of the surface ligand molecutel (nm).
In Figure 5b, we display the spectra of this structure recorded
5. Energy Transfer in LB-Bilayers at different times after excitation. The spectra are normalized

to have equal spectral area, which allows us to visualize

ET in LB monolayers built of nominally monodisperse NQDs dynamics that are predominantly due to ET (we assume that
relies on the accidental occurrence of a spectral overlap in both radiative and nonradiative decay rates are independent of
donor-acceptor pairs with a sufficiently close spatial separation. NQD size, and hence, of spectral enéfyyAt zero time delay,
Therefore, in ET dynamics of these monolayers we observe timethe measured spectra can be decomposed into two PL bands of
constants related to interactions not only between adjacent NQDssimilar amplitudes (approximated by two Gaussian bands in
(the first shell ET) but also between NQDs at relatively large Figure 5b) associated with emission from individual monolayers.
distances in the case for which a viable acceptor is not found With increasing delay time, the high-energy PL (smaller NQD
in the first shell. One can promote the nearest-neighbors layer) rapidly decays, while the low-energy PL (larger NQD
interactions by intentionally placing an acceptor, which provides monolayer) grows. These observations are consistent with
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the vertical interlayer ET in which excitons migrate from smaller of smaller NQDs strongly couple to a dense manifold of high-
to larger NQDs. In addition to the gradual increase in the energy states in the larger NQDs comprising the second layer.
amplitude, the low-energy PL band shows a red shift, which is This coupling results in an efficient, interlayer, vertical transfer
due to “horizontal” ET within the monolayer of larger NQDs, with a time constant o120 ps. Considering that such vertical
as discussed in the previous section. transfer involves an energy step on the order of the global Stokes
In Figure 5c, we directly compare ET-related dynamics in shift, we could envision an energy-gradient structure wi0
the two layers by displaying normalized PL traces recorded at layers of CdSe NQDs that can efficiently collect energy across
2.30 and 2.17 eV, which approximately correspond to the centersthe entire visible range and directionally transport this energy
of the zero time PL bands in monolayers of the smaller and over a 100-nm distance within a few nanoseconds (much faster
larger NQDs, respectively. As our studies of single monolayers than the radiative decay). This large range of exciton transport,
(Section 4) indicate, the PL changes at these spectral energiesombined with the ability to tailor the absorption spectra of
induced by horizontal energy transfer are not significant (exciton NQDs, provides an interesting opportunity for the development
inflow and outflow approximately compensate each other); of NQD-based light-harvesting structures that can be applied,
therefore, it is convenient to use these energies for studies offor example, in artificial photosynthesis or photovoltaic devices.
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