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Long-range resonance transfer of electronic excitations in close-packed CdSe quantum-dot solids
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We show spectroscopically that electronic energy transfer in close-packed CdSe quant@b)dsolids
arises from dipole-dipole interdot interactions between proximal dots. We use cw and time-resolved photolu-
minescence to study electronic energy transfer in optically thin and clear, close-packed QD solids prepared
from CdSe QD samples tunable from 17 to 150 A in diaméter4.5%. High-resolution scanning electron
microscopy and small-angle x-ray scattering are used to build a well-defined structural model for the QD
solids. In mixed QD solids of small and large dots, we measure quenching of the luminegitetice) of the
small dots accompanied by enhancement of the luminescgifettme) of the large dots consistent with
electronic energy transfer from the small to the large dots. In QD solids of single size dots, a redshifted and
modified emission line shape is consistent with electronic energy transfer within the sample inhomogeneous
distribution. We use Hwster theory for long-range resonance transfer through dipole-dipole interdot interac-
tions to explain electronic energy transfer in these close-packed QD J@itE63-182606)00932-0

[. INTRODUCTION and resonant tunneling QD devicEsRecently electrolumi-
nescence from densely packed layers of CdSe QD’s com-
Nanometer size semiconductor crystallites or quantunbined with  semiconducting polymers has been
dots(QD’s), small compared to the bulk exciton Bohr radius, demonstrated® Porous films prepared from nanocrystalline
exhibit size-dependent electronic and optical properties asemiconductors have been used to transport charge in photo-
electronic excitations are spatially confined to within the vol-electrochemical cell¥® Optical and electronic characteriza-
ume of the dot. Quantum confinement effects induce quantition of QD solid-state materials is important in understand-
zation of the bulk band structure, concentrating the bulk osing the physics of interdot couplings and their role in
cillator strength in discrete electronic transitions that shift todetermining the fate of electronic carriers and excitations
higher energy with decreasing dot diaméteBynthesis of generated in QD structures. Tailoring the size of and spacing
CdSe QD samples monodisperse to within atomic rouginesdetween the QD’s in solids presents opportunities to engi-
has made it possible to observe, assign, and monitor the sizeeer on the nanometer scale the electronic, optical, and struc-
evolution of a series of excited electronic statésThese tural properties of these materials.
samples show strong band-edge emission with quantum Recent advances in the fabrication of structurally well-
yields (QY’s) ranging from 0.1 to 0.9 at 10 K. The size- defined two- and three-dimensional close-packed QD struc-
dependent optical absorption and emission spectra dfires by photolithograph}f, molecular-beam epitaxy, and
“single” CdSe QD's have been deduced using transient dif-wet chemical method®!” makes the investigation of inter-
ferential absorptiori, photoluminescence excitatidnand  dot couplings possible. Two-dimensional arrays of photo-
fluorescence line narrowing spectroscopies. Agreement be- lithographically patterned AlGaAs-GaAs QDs show addi-
tween experimental observations and theoretical calculationgonal absorption resonances in the infrared as neighboring
provides a framework for understanding the size-dependemtots become coupled. Three-dimensional, close-packed
electronic structure of individual CdSe QO''s’ CdSe and CdS QD solids have luminescence spectra shifted
Building close-packed solids from semiconductor QD’sto the red of spectra for dispersed QD’s, indicative of inter-
presents opportunities to investigate both the cooperativdot interactions in the solid staté!” In a recent paper we
physical phenomena that develop as proximal QD’s interacteported on optical studies of close-packed QD solids de-
and the electronic and optical properties of QD solid-statesigned from a mixture of small and large CdSe QffThe
materials. QD solids provide media for potential novel elec-small and large dots have well-separated spectral features,
tronic, optical, and optoelectronic applications that combinavhich allowed us to identify changes in their optical spectra.
the unique properties of individual QD’s and the collective We measured quenching of the luminescefidetime) of
properties of coupled QD’s. For example, dipole-dipole in-the small dots accompanied by enhancement of the lumines-
terdot interactions in close-packed QD solids are expected toence(lifetime) of the large dots. Photoluminescence excita-
further enhance the already increased optical nonlinearity afon studies revealed that photoexcitations generated in both
the individual QD (Ref. 8 as electronic excitations collect the small and large dots contribute to the luminescence of the
oscillator strength from multiple dots in the sofiDipolar  large dots. We presented preliminary analysis showing that
coupling between proximal dots in close-packed solids als@ur observations are consistent with long-range resonance
provides a structure of wireless interconnects mimicking theransfer of electronic excitations from the small to the large
requirements for complex computations in cellulardots in the mixed QD solid. Here we present a more detailed
automata®!! Coupled QD structures are the basis for de-analysis of our observations in the mixed QD solid to further
signs of high optical gain, low threshold current QD lasers,demonstrate that dipolar coupling between proximal dots in
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close-packed QD solids leads to electronic energy transfetdg-Xe lamp in combination with a monochrometer was used
We show spectroscopically that in “single” size QD as the excitation source in cw photoluminesce(itle) mea-
samples electronic energy transfer within the sample inhosurements. The transmitted or emitted light was dispersed
mogeneous distribution accounts for the red shift in the emisthrough a 0.33-m monochrometer and the colors separated
sion for the QD solid relative to that for the QD’s dispersedby either a 150-groove/mm or 300-groove/mm grating. The
in solution. spectra were detected by an optical multichannel analyzer.
Some cw PL spectra were collected using a SPEX
Fluorolog-2 spectrofluorometer.
Il. EXPERIMENT PL decays were measured using time-correlated single
photon counting. The samples were excited by 2.143-eV
Samples of CdSe QD’s tunable in size from 17 to 150 A(580-nn) and 2.302-eM(540-nm) picosecond pulses gener-
in diameter with standard deviations less than 4.5% werated by a cavity dumped dye laser synchronously pumped
synthesized according to Ref. 2. The preparation of theswith the third harmonic of a mode-locked Nd:YAG laser
dots involves injecting Cd and Se sources into a hot coordifwhere YAG denotes yttrium aluminum garheThe setup
nating solvent and growing nucleated CdSe seeds to the desas operated at a 1-MHz repetition rate with an overall time
sired dot size. Postfabrication processing using size-selectivesolution of~80 psec.
precipitation further narrows the sample size distribution and
isolates the dots from the organic growth medium leaving IIl. OBSERVATIONS AND ANALYSIS
each CdSe core derivatized by an organic monolayer. These A. Structural characterization

CdSe QD les h b tructurally and opticall I . -
e QD samples have been structurally and optically we We use the HRSEM to image the QD’s building up the

characterized=®° The organic capping groups sterically , \ . . .
stabilize the dots in solution. Optically thin and transparentthr;eea'ggn?%ﬂqogael_g%dsggdgbzgL'Trﬁzliigg\t"’:h%\,%[)tﬁglgame
(nongcatterin}; close-packed QD solids were deposited fromgangple imaged at higher magnification. The micrographs re-
solutions of these QD samplé@. . . veal that the QD’s are close packed, forming a glassy solid in
.A JEOL JSM 6320FV hlgh-resolgtmn scanr,un'g elecmmwhich each dot remains separated from its neighbors by the
mlcroscope_(HRSEM) was used to image QD_S In cI_ose- organic capping groups. In solids prepared from a mixture of
packed solids prepared from pure samples of single size dofg,, 5 anq Jarge dots, the arrangement of the dots in the solids
and from mixed samples of small and large dots. The m'crodepends on the degree to which the dots order during depo-

scope was operated at 30 kV to detect secondary eIeCtrQarftion. We control the preparation of ordered and glassy QD

emission from the CdSe QD solids deposited on silicon Wasolids by tailoring the solvents from which the QD samples
fers. A conventional Rigaku 300 Rotoflex powder diffracto- re depgsiteéﬂ Fi%ure 1b) shows a QD solid pregared fr(?m

meter equipped with a Cu anode was used to acquire small: mixture of 82% 37.5-A and 18% 57-A CdSe QD's. The

angle x-ray scatteringSAXS) patterns for a size series of gy and Jarge dots have phase separated into ordered re-
b?ons. Figure (c) shows that in a glassy QD solid, prepared
: ; . . from 82% 38.5-A and 18% 62-A CdSe QD’s, the small and
operated in the Bragg configuration. Samples were deposﬂqgrge dots remain intermixed. We study electronic energy

on machined100) silicon wafers. transfer from the small to the large dots in the well-

We optically study QD solids and solutions prepared fromi termixed glassy QD solids

pure samples of single dots, mi.xeq sﬁmp'es 9f small a.”dq SAXS is used to characterize the average local structure
!argg dots, and a bm"?‘d sample dlstr|but|c_>n obtamed by MiXaf the QD's in the glassy solids. Figuréa® shows scattered
'_Pr? five .Ql:? csjamples gcr?mhentiq byZDA |r|1_ddot d|am|eter. intensities from a size series of CdSe QD samples dispersed
e optical densityfOD) of the thin QD solids was always i fjjms of PV (filled circles. Each of the QD's in a sample
less than .0‘3 at the_ peak of the first exmteq state to MiNIMIZ ¢ 55 an independent scattering center in the polymer ma-
riaﬁsolrptmndof em'ttﬁd photons. In thke T')r(]ed SO"I(lj’dthe ODyix and adds to the total scattered intensity. The observed
of the large dots at the emission peak of the small dots Wag, ;inqs are characteristic of the size and shape of the QD’s
h Il dots by the | d ligible. The ol T the samples. We account for background scattering from
the small dots by the large dots was negligible. The closeg,o p\/g marrix by subtracting the scattered intensity from an
packed CdSe QD solids were deposited on sapphire flats fondoped PVB film. The scattering patterr¢s) for an indi-

optical measurements at cryogenic tempgratures. A Teflogi ual, idealized spherical QD of radit® and of uniform
spacer was used to separate the QD solids from a Seco'@:‘iﬂctron density is representec?By

sapphire window. Solutions of CdSe QD’s were prepared by
either dispersing the QD’s in alkanes ornirbutyl benzene, ) 3 2
a low-temperature glass former. Luminescence QY'’s for the 1(s)=1(s)"=|(p—po) 3 7R

QD solids and solutions were measured relative to the known
luminescence intensities of organic dyes. Dispersions of

wt. % in poly(vinyl butyral) (PVB). The diffractometer was

g [sin27wRs)—2mas cog27Rs)]?

CdSe QD’s and solutions of organic dyes were loaded into (27Rs)® '
sample holders between two sapphire flats separated by ei-

ther a VitonO ring or Teflon spacer. Sample holders were @
mounted in a helium cryostat. wheref(s) is the Fourier transform of the form factor for a

We used either a 300-W Hg-Xe arc lamp or a 100-Wsphere ang and p, are the electron densities of the QD’s
guartz-tungsten-halogen lamp to collect optical absorptiorand the polymer matrix. Equatiofl) describes the oscilla-
spectra. The 457.9-nm line from an argon-ion laser or theions observed in the SAXS patterffSig. 28], accounting
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FIG. 1. (a) Lower and higher
(inseh) magnification HRSEM mi-
crographs showing 56-A CdSe
QD’s close packed in a glassy
solid. Each dot remains separated
from neighboring dots by the or-
ganic cap. (b) HRSEM micro-
graph of a mixed CdSe QD solid
prepared from 82% 37.5-A dots
and 18% 57-A dots. The mixture
of dots is phase separated into or-
dered regions of the 37.5-A dots
and the 57-A dots(c) HRSEM
image of a mixed CdSe QD solid
prepared from 82% 38.5-A and
18% 62-A dots shows that the dots
remain well intermixed when
close packed in a glassy solid.

Ifor the decrease in periodicity with increasing dot diameter

and the decrease in scattered intensity with increasing period. 1(s)=Nf(s)?
We resolve as many as five oscillations in the scattered in-

tensities. These oscillations, long observed in classic colloiwhere the term in large square brackets represents the con-
dal system$? were unresolved in previous studies of QD’s tributions from interferencegi(r) describes the dot density
where larger polydispersities broadened the oscillations angs a function of radial distance from a reference dot in the
prevented their observation. Diffuse scattering of x rays offsample, and\ is the number of QD’s in the solid. Using the
the differing electron densities of the Cd and Se atoms in th@yperimental form factors(s) obtained from the scattered
QD's adds to the base line in our SAXS patterns. The conyensities of QD’s dispersed in PVEHilled circles, Fig.
tribution from diffuse scattering proportional & is small 2(b)], we Fourier transform the contributions from interfer-

compared tof(s)?«R® in micrometer size particles but be- n ner ir distribution functi DE'
comes significant on the nanometer scale. TEM observationes ces to generate pair distribution fu CtiogDF'9

sin(sr)

Sr

dr|, (2

1+f 4mr?[p(r)— pol

and the relative intensities of reflections in the wide-angle (1) 1 = [ 1(s)

region of the diffraction patterns reveal that the QD’s be- g(r)= =1+ -— f s(—z—l)sin(sr)ds
come prolate with increasing dot size with aspect ratios rang- Po 27rpo Jo "\Nf(s)

ing from 1.0 to 1.2% We simulate the SAXS patterns by €)

simultaneously fitting the small- and wide-angle regions ofty, the close-packed QD solid&ig. 2(c)]. The peak in the

the diffraction patterns to account for the internal structure ol represents the center-to-center distance between neigh-
the QD and for its size-dependent aspect rdfive also boring dots in the solid. The higher-order oscillations are
allow for a Gaussian distribution in dot size for each of OUrreplicas of this same distance. The four QD solids are com-
QD samples to weight the total scattered intensity. We fityoseq of close-packed CdSe dots with an interdot spacing of
(solid lineg each of the four SAXS patterriepen circley  11+1 A maintained by the organic capping groups. The
[Fig. 2@)] to extract average dot diameters for spheres ofyqnodispersity of our QD samples enables us to fabricate

equivalent volume and sample size distributions. We obtaan solids with well-defined close-packed structures for op-
dot diameters ranging from 31.6 to 62.1 A with standardiic4 studies.

deviations between 3.5% and 4.5%.

Figure 2b) compares the scattered intensities for the four
samples of dots dispersed in P\Blled circles with those
for dots densely packed in QD solidsolid lineg. The dif- The sizes of the QD’s in our samples are smaller than the
ferences in the scattered intensities arise from interferencesulk exciton Bohr radius in CdS&6 A).” Excitation of a
between dots as their positions become correlated in the soRD generates an electron-hole pair that is confined to and
ids. This is observed mainly as a reduction in the scatteredelocalized over the volume of the dot. The spectroscopic
intensity appearing as an additional peak at small angles. Thend photophysical properties of the QD are analogous to
scattered intensity for a QD solid is described by thethose of a large molecule. 10-K optical absorption and emis-
expressioff sion spectra of optically thin and cle@ronscattering close-

B. Optical spectroscopy
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FIG. 3. 10-K optical absorption and emission spectra of opti-
cally thin and clear, close-packed QD solids prepared from samples
of CdSe QD’s &) 30.3, B) 39.4, (C) 48.0, and D) 62.1 A in
diameter.

FIG. 2. (a) SAXS patterns for CdSe QD’s disperséfilled
circles in PVB and fit to form factors for dotésolid lineg (A)
31.6+4.0%, B) 40.3+4.0%, (C) 45.6+4.0%, and D) 61.0+4.2%
in diameter.(b) Comparison of SAXS patterns for the four samples

of CdSe QD’s dispersed in PV@illed circles and close packed in . .
QD solids(solid lineg. (c) Pair distribution functions generated for resonanpe tzrflzrledLRRT) is the d.omlna'nt .energy transfer
the QD solids mechanisnf: LRRT of electronic excitations is a radia-

tionless transfer process arising from coupling between the
electromagnetic fields generated by the transition dipoles of

packed QD solids prepared from samples of CdSe QD,Sresonant transitions in the excited donor and ground state

ranging in size from 30.3 to 62.1 A in diameter are shown inacceptor. This donor-acceptor coupling is very weak so the

. . X rdslte of electronic energy transfer is slower than the rates of
Fig. 3. The discrete absorption resonances and sharp band:- . . ' . .
absorption and vibrational relaxation processes in the donor

E(zjgg eelg](ljrsolﬁincaerfcﬁgfilgicst%rllass“ecr\gc;r:ﬁ fﬁéifggrenldggt’sglg nd acceptor. Electronic excitations are completely localized
in the donor prior to being transferred to the acceptor. In

sample_s dispersed in solutlon_. The electronic and Op'“Casystems of two dissimilar molecules, one the donor and the
properties of the QD solid are similar to those of a molecular her th . d icallv b
solid. other the acceptor, LRRT is measured spectroscopically by

Electronic energy transfer between luminescent moleculethe quenching of the luminescence QY or decrease in the
. . energy ; . Riminescence lifetime of the donor or by the enhancement of
in organic solidgchromophoresand between impurity cen-

ters in inorganic solidgphosphorshas been and remains an the luminescence QY or increase in the luminescence life-
X 9 pnors time of the acceptor. In order to observe LRRT, the acceptor
active area of researéh Electronic energy transfer encom-

. . - raust have both a transition resonant with the donor emission
passes any process by which electronic energy is transferre

from an excited molecule or atofthe donoy to a ground- in which to accept the transferred excitation and a lower-

state molecule or atorithe acceptor returning the donor to  CMer9Y state in which to trap the excitatitn?* Transfer of
) eptor 9 .. the excitation back to the donor is inhibited since no donor
its ground state and promoting the acceptor to one of it

higher excited states. Energy transfer is different from elec?ranSItlon exists at that lower energy.

tronic transfer in that there is no net transport of charge; the . .
charge neutral excitation is transferred aspan entity frgm the 1. Mixed CdSe QD solid
donor to the acceptor. Radiationless transfer of electronic We use the size dependence of the electronic spectrum of
energy requires direct interaction between the excited dondhe QD’s to create a mixed system of 82% 38.5gknal)
and ground-state acceptor. It is a one-step process in whidots and 18% 62-Alarge dots in which to optically study
deexcitation of the donor and excitation of the acceptor occuelectronic energy transfer in QD solids. In the mixed solid,
simultaneously. It is distinct from radiative transfer in which the small dots are the donors and the large dots are the ac-
an intermediate photon is first emitted from the donor andceptors. Figure @) is a cartoon representing the electronic
then reabsorbed by the acceptor with no direct donortransitions of the small and large dots. The large dot has a
acceptor interaction. transition (g)—|A),) resonant with the emitting energy of

At intermolecular-interatomic separations of 5-100 A, inthe small dot [g)«|D)) and a lower energy statéA),) in
the range of the interdot separations in our solids, long-rangehich to trap the excitation. The excitation cannot be trans-
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FIG. 4. (a) Cartoon depicting resonant transfer of electronic ex-
citations from small(donop to large (acceptor CdSe QD’s in a
mixed QD solid. The energy levels shown are characteristic of the
electronic spectra for the small 38.5-A and large 62-A QIus.
represents the ground states of the donor and accdptpis the /. .
lowest excited state of the donor, atA), and |A), are a higher T
excited state and the lowest excited state of the acceptor, respec- 18 20 22 24
tively. The large dot has both a transition resonant with the emis- Energy (eV) Energy (eV)
sion of the small dot and a lower energy state in which to trap
transferred excitations. In addition to the radiative and nonradiative
pathways for decay of photoexcitations, Iabeledk@é and kDNR
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e
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FIG. 5. Optical absorption spectra for a mixed CdSe QD solid
_ prepared from 82% 38.5-A dots and 18% 62-A deslid lineg at
for the small dots and bkAR andkANR for the large dots, electronic (c) RT and(d) 10 K. The absorption spectra for the mixed QD solid
energy transfer labeled by the ratg, offers another pathway for  are sums of the absorption spectra of its 38.5d8shed linesand
deexcitation of the small dots and excitation of the large dis. g2-A (dotted lines QD components. Arrows indicate thi&) 2.762
and (c) The RT and 10-K donor-acceptor resonance, respectivelygy (450 nm, (2) 2.143 (580 nm), and (3) 2.302 eV (540 nm
are shown by spectral overlddotted line of the emission from  excitation energies used in cw and time-resolved PL measurements
the 38.5-A dots with the absorption of the 62-A dots. that are to the blue and red of the small dot absorptions. Emission
spectra for the mixture of dots dispersed in solutioricatRT and
(d) 10 K and close packed in the QD solid (@ RT and(f) 10 K.

) Dotted lines plot the relative QY’s for 38.5-A dots in a pure QD
ferred back since the small dots are transparent at the low@g|ig and for 62-A dots exciting the mixed QD solid to the red of

energy. Figures ®) and 4c) show the RT and 10-K donor-  the small dot absorptions.

acceptor resonancéotted lineg in the mixed QD solid

calculated by overlapping the weighted emission spectrum

of the small dots with the absorption spectrum of the large

dots. ratio of the large to small dot luminescence QY’s in the

The absorption and emission features of the small andnixed solid. The samples were excited at 2.762 eV, labeled
large dots in the mixed QD solid are spectrally well sepa-by arrow 1 in Figs. &) and 8b). Dotted lines in Figs. &)
rated. RT and 10-K absorption spectra for the mixed QDand 5d) plot the relative QY’s for a pure, small QD soljah
solid are shown by solid lines in Figs(aéd and 8b). Sub- the absence of large dotand for the large dots in the mixed
tracting the spectral contributions from the large ddistted QD solid when excited to the red of the small dot absorp-
lines), we regain the spectra for the small didsished lings  tions. Excitation to the red of the small dot absorptions, la-
in the mixed QD solid. The absorption spectra for the mixedbeled by arrow 2 in Figs.(8) and 5b), excites only the large
solid are sums of the absorption spectra of its small and largdots in the mixed QD solid. The QY’s of the large dots are
dot components. Electronic excitations are initially localizedscaled by the relative QY’s for large dots dispersed in solu-
in individual small and large QD's in the solid. tion when excited at the bljarrow 1 in Figs. 5a) and 3b)]

A comparison of RT and 10-K luminescence spectra forand red[arrow 2 in Figs. %a) and §b)] excitation energies.
the mixed system of dots dispersed in solutétigs. 5c) Scaling the QY'’s accounts for differences in source intensity
and 8d)] with those for the dots close packed in the solidand in the inherent QY’s of the QD’s at the two excitation
[solid lines, Figs. Be) and 8f)] reveals a large increase in the energies. In luminescence, the spectra for the mixed QD
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solid are no longer superpositions of the small and large dot L e B M
luminescence spectra. Exciting both the small and large dots
in the mixed QD solidarrow 1 in Figs. %a) and 3b)] re-
veals quenching of the luminescence QY of the small dots
accompanied by enhancement of the luminescence QY of the
large dots. Our observations are consistent with electronic
energy transfer from the small to the large dots in the mixed
QD solid. A comparison of RT and 10-K luminescence spec- :
tra shows that the magnitude of these effects increases at A\
lower temperatures. : M
(a) Spectral overlap of donor emission and acceptor ab- ERRNTERES
sorption.We calculate the probabilityR,) and rate kpp)
of electronic energy transfer from donor to acceptor in our
QD solids in terms of spectroscopic quantitiestster theory
relates the efficiency of energy transfer due to donor-
acceptor dipole-dipole interactions to the spectral overlap of
donor emission and acceptor absorptiorf*Using the spec-
tral overlap, shown by dotted lines in Figgb#tand 4c), we
calculate the critical radiugR,) for LRRT in our QD solids.
Ry is the distance between donor and acceptor at wkigh
equals the rate of donor deexcitation by competing mecha- A I -
nisms.R, is a measure of energy transfer efficiency relative 0 5 10 15 20 25
to Rp,a, the physical distance between donor and acceptor in Time (nsec)
the QD solid. For a random orientation of transition

dipoles??~24

Intensity (arb. units)

Intensity (arb. units) Jf

T PRI ST POV IV
0 5 10 15 20

Intensity (arb. units)

Time (nsec)

FIG. 6. Luminescence decays monitoring the emission peak of
~\ 1/6 the 38.5-A dots in a pure QD solida] and in the mixed QD
ha) ch (D) en(P) ﬂ (4) solid (b) and for the 62-A dots exciting the mixed QD solid to the
n* D A A blue (c) and red ¢l) of the small dot absorptions. The peaks in the
decays are normalized to compare their time dependence. Decays
where ¢y is the luminescence QY of the don(.0185 at  for the (a) 38.5-A and(d) 62-A QD's in the absence of energy
RT and 0.2395 at 10 K n is the refractive index of the QD transfer are fit to biexponentialsolid lines. The decrease in the
solid, Fp(7) is the normalized spectrum for donor emission, luminescence lifetime of the 38.5-A dots in the mixed QD solid is
and £ (7) is the molar extinction coefficient for acceptor fit by Forster's decay law for LRRT of electronic excitatiopslid
absorption. We assume the transition dipoles are randomi"® (b)]. The increase in the luminescence lifetime for the large
oriented as the transition dipole is defined by the CdSe unifots upon transfer of e_IecFronlc excntatlc_ms from the small dots is
cell and each dot is randomly oriented in the glassy solidFa|CU|at9d for LRR'I_[solld I_|ne (c)].' The fit and calc_ulated curves
We calculaten as the volume weighted average of that for &€ Scaled by their relative QY's to the experimental decays.
the QD's[2.58 at RT and 2.54 at 10 fRefs. 25 and 2§ and The inset compares the energy transfer co_ntnbut!on to the decay of
- . . . the large dots found experimentalfgiotted line with the LRRT
the organic cap(1.47 for trioctylphosphin®), assuming a S . P . _

g - - .~ (solid line) and exciton diffusion(dashed ling mechanisms. The
ranc_iomly _close-packed QD Sphd.W'th the_o_rganlc cap fIIIInginstrumental response was convoluted in all our fits and calcula-
the interstices. The molar extinction coefficient for the small;; o
dots is calculated from its absorption spectrum using Beer's
law, assuming that the molar extinction coefficient at the
peak of the first excited state is<10° M ~* em ™. Using Eq. _ o
(4), we obtainRy=47 A at RT and 67 A at 10 K. The tem- decays are normalized to compare their time dependence.
perature dependence B, originates from the increased QY Electronic energy transfer from the small to the large dots is
of the small dots with decreasing temperature. observed as the decrease in the luminescence lifetime of the

(b) Time dependence of electronic energy transtégre  small dots and the accompanied increase in the luminescence
time dependence of the luminescence decays for the smdifetime of the large dots.
and large dots in the mixed QD solid gives us an independent The luminescence decays for the small dots in a pure QD
measure ofR, and confirms the LRRT mechanism. Figure solid (a) and for the large dots in the mixed QD solid ex-
4(a) shows that in addition to the radiativ®) and nonradi- cited to the red of the small dot absorptiort§ (correspond
ative (NR) decays in the small and large dots, electronicto exciton decay times by radiative and nonradiative pro-
energy transfer with ratle;, offers another pathway for de- cesses in the absence of energy transfer. We use nonlinear
excitation of the small dots and excitation of the large dotsleast-squares methods to fit these nonexponential lumines-
Figure 6(dotted lineg shows RT luminescence decays moni- cence decays by biexponentiéolid linesa andd), repre-
toring the peaks in the PL spectra of Figepfor the small  senting distributions of lifetimes for the QD’s in the
dots in the pure QD solida) and the mixed QD solidb) sample<® The excited-state populations for the small dots
and for the large dots exciting the mixed solid to the blue[np(t)] and the large dotsr,(t)] including electronic en-
[arrow 3 in Fig. %a)] (c) and redarrow 2 in Fig. %a)] (d) ergy transfer from the small to large dots are described by
of the small dot absorptions. The peaks in the luminescenctae rate equatioR$

Rooc
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np (1) resents the relative absorbance of the small to large dots at
—— kpa(t)np (1) the blue excitation. The calculated curve for LRRT is shown
i by the solid linec. The calculated curve for LRRT repro-
duces both the time dependence of the experimental decay
2 np.(1), (5) and the enhancement in the luminescence intensity for the

hDi(t):GDi(t)_

D

where np(t)=
1

o, U large dots.
(i) Exciton diffusion Solving Eqs.(5) and(6) for exciton
Na (1) diffusion, we fit the decrease in the luminescence decay for
hAj(t)=GAj(t)— L+ kpa(t)Np(t) the small dots and calculate a curve for the increase in the

A, luminescence decay for the large dots. The fit to the decay

for the small dots is similar to that found for LRRT and is
_ not shown for clarity. We compare the experimental and
where nA(t)_j;m nAj(t)’ ©) modeled energy transfer decays in the inset of Fig. 6. The
experimental datédotted lineg are calculated by subtracting
whereGp, (t) [Ga,(t)] represents the donofacceptorfex-  experimental curves and d when scaled by their relative
cited directly by the pulsed sourcep (t) [nAj(t)] is the QY’s. A comparison of the calculated curve for LRRT,

time_dependent number of excited donm‘sceptor$in the shown by the solid Iine, and that for exciton diﬁusion, shown
mixed QD solid with lifetimerp, (1) [TAj(t)], andD; (A)) by the dashed line, shows _that for the same avekage
indexes the donorgacceptors characterized by short and L)I(?I?’tTnIe;?fs tiona rT“r? reng'_? rt.rr]aniferziorl; ernerrg)(/j than gotehs
long lifetimes. We assume that all small dots have the sam ¢ t?m d us %d. n N f the d echa nSd thepino ruces inoth
energy transfer ratkp,. The time dependence of the lumi- € limeé dependence of he decay a € Increase €
nescence distinguishes the two most common r(,jldi‘,mome%mmescence intensity for excitations transferred to the large

energy transfer mechanisms in solids, LRRT and exciton dif- ots, Wh"? exciton q|ffu§|on does not. This may be expected
fusion. LRRT has (t)o(t—1/2 while exciton diffusion has S"nce exciton diffusion is the do.mmant energy trgnsfer pro-
a time independenliA 26 ’ cess for donor-acceptor separations of 2-% Ahe distance

DA -

(i) Long-range resonance transteolving Eq. (5) for of closest approach in our QD solids-isl1 A, the separa-

LRRT, we fit the decreas"e in the PL lifetime for the small tlo?ct))%\:,vgﬁghtizg ilfjifhagleusrr?i:];]:égewézrg% ((j)?tt?e small QD's
dots in the mixed solid by Heter's decay la# (solid lineb) We also calculateR, for LRRT in our QD solids by the

quenching of the luminescence QY for the small dots in the
, (7) mixed QD solid relative to that for the small dots in a pure
QD solid. Integratingnp p,{t) and Eq.(7), assuming a
wherenp, pdt) is the biexponential fitsolid line a), 7p is  single weighted average lifetime for the small QD’s, yields
the weighted average lifetime for the small dots in the pureexpressions for the luminescence QY’s for the small dots in
QD solid, andyzc(gWRg), C is the concentration of large the pure and mixed solids. The ratio of their luminescence
dots in the mixed QD solid and is calculated using Beer'sQY’s (Ref. 29
law and the film thickness measured by profilomeRy.is
then the only adjustable parameter in the fit that yields

art 1/2

nD,mixetﬂ) = nD,pure(t)eXF{ - ™

2 1/2
RO:48 A ‘»DD,mixed: 1— Z vy eXI{ ﬂ) erfc( ™ y) (9)
Using Eq.(7) to solve Eq(6), we calculate the increase in ®D,pure 2 4 2
the luminescence lifetime for the large dots in the mixed
solid as® is used to findy, which yields values foR,=47 A at RT and
81 A at 10 K.
N biue ) =Na red 1) (d) SummaryThe spectral overlap of donor emission and

t s—t acceptor absorption and the quenching of the luminescence
+Ap nA_(O)J ex;{ —) Np(s)kpa(s)ds. QY of the donor give us independent measureRgf47 A
i=t2 1 Jo 7A; at RT and 67 and 81 A, respectively, at 10 K. Time-
(8)  dependent measurements at RT show that the LRRT mecha-
nism for electronic energy transfer reproduces the lumines-
The first termny (e{t) is the biexponential fitsolid lined)  cence decays for the small and large dots in the mixed QD
to the luminescence decay for the large dots in the mixed QRolid with R,=48 A. A comparison oRR, with the distance
solid when excited to the red of the small dot absorptions. Ietween donor and acceptor centéRp,=61.25 A), mea-
represents the contribution to the luminescence decay froryred from SAXS data, reveals that dipolar coupling between
photoexcitations generated directly in the large dots by thg)p's is a nearest-neighbor interaction. Using the average
source. The second term describes the decay of large dffetime of the small dots from the luminescence decays
excitations that were resonantly transferred from the smalicyrvea, Fig. 6 andRp, from SAXS data, we calculate,
dots. The integrand is proportional to the time-dependenfor LRRT in our QD solids usindpa= (1/7p) (Re/Rpa)°.
LRRT rate and the exponent describes the decay of large dgye obtainkp,=1x10° sec ! at RT, consistent with charac-
excitations, with rate (I ), generated at tims upon trans-  teristic rates for LRRF® The relative rates ofp, and 1fp
fer from the small dots. We sum the contributions from dotsor the relative distances &, andRp, are used to calculate
characterized by IifetimesAj with weightsnAj(O). Ap rep-  the probability of energy transfd?p,, given by
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. . FIG. 8. (@) 10-K absorption and luminescence spectra for
FIG. 7. Comparison of 10-K Iumln?cence _spectra .fm ( samples with A) narrow and B) broad sample inhomogeneous
30.3-, ®) 39.4-, (C) 48.0-, and D) 62.1- dots d_lsper_seql N SO~ distributions dispersed in solutididashed linesand close packed
lution (dashed lingsand close packed in QD solidsolid lineg. in QD solids (solid lines. Simulated luminescence spect@en
Absorption spectra for these samples are shown in Fig. 3. The lu- uares fit to the solution spectra and calculated spedwpen
minescence _spectra_ are plotted rel_ative to the luminescence peaE cles allowing for energy transfer within each of the sample in-
for t_he solutions. Flts_to the sol_utlon_ specif@pen squar_e)sgre_ homogeneous distributiongb) Calculated emission spectra for
obtained by convoluting Gaussian inhomogeneous distribution 9-A CdSe QD samples withA) 1.5%, B) 2%, (C) 2.5%, D)
with size-dependent “single dot” luminescence spectra. Simulatez% (E) 3.5%, and E) 4% sample in’homoge;leous dist;ibutions
emission spectréopen circles for the QD solids allow for energy (da:shed Iine)s’ Simulated emission spectra allowing for energy

transfer within the sample inhomogeneous distributions. transfer within the sample inhomogeneous distributigsslid
lines).
P OA Ro (10)
DA™ 1 R8+ RﬁDA' tion and luminescence spectra for the QD samples dispersed
Kpa e in matrices varying in polarity and in dielectric constant

show no solvent effects.
(&) Sample inhomogeneous distributidn each of our

Equation(10) yields energy transfer probabilities of 0.17 at QD samples there still remains an inhomogeneous distribu-
RT and 0.63 at 10 K. The increase Ry, also arises from tion in the emitting energies of our QD’s. The full lumines-
the increase in QY for the small dots at 10 K and explainsc€nce spectra for the samples dispersed in solution are each

the increased magnitude of the energy transfer effects seen®€ sum of structured, “single” dot emission spectra. The
low temperature in Figs.() and Ff). structured fluorescence of the individual QD is washed out

by sample spectral inhomogeneity. The origin of the inho-

mogeneous distribution is primarily from the size distribu-
2. Single size CdSe QD solids tion. We use smaller and larger to refer to dots whose spectra

The absorption spectra of the QD solids and their paren@re shifted to the blue and red relative to each other. Studies

solutions are indistinguishable. This suggests that electronigSing fluorescence line narrowing spectroscopy optically se-
excitations are initially localized in the individual QD’s. Fig- '€Ct & subset of the sample inhomogeneous distribution, re-

ure 7 plots the 10-K luminescence spectra for the CdSe Qlyealing the structured fluorescence characteristic of the indi-
solids (solid lineg shown in Fig. 3 relative to those for the vidual QD.*® The single dot emission spectrum is composed

dots dispersed in a frozen solutiétiashed lines The emis- of a narrow band-edge emission and its LO-phonon progres-

sion line shapes for the QD solids are redshifted and accen o™ which we model by

tuated on the red side of the distributions. The magnitude of

the redshifts range from 15 to 35 meV at 10 K, varying from 4 " , )
sample to sample, showing no discernible size dependencg(y )= 1 & N F{‘ [v—(v _ngo)]
and decreasing with increasing temperature. The shifts are n=0 2wy, N 25 '

reversible upon redispersion of the QD solids. The absorp- (12
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where' is the position of the zero LO-phonon line in emis- — T T
sion andsS, is the strength of the exciton—LO-phonon cou-
pling in emissior®® The sum is taken over the first five
LO-phonon replicas, which are separated by the LO-phonon
frequency for CdSeg, o, and have linewidths,,. The pa-
rametersS, and vy, are a function of the size of the dot and
are found in Ref. 5. Using the parameters for the average size
QD in the sample, we fit the full luminescence spectra using
nonlinear least-squares methadgen squares, Fig.) Wvith

the convolution integraf

Intensity (arb. units)

2.00 2.05 2.10

EpL(V)ICf E(v,v")D(v',vg)dv’. (12
Energy (eV)

We assume that the sample inhomogeneous distribution
D(v',v) is a Gaussian function centered:gtwith standard

deviationy. C_'_S a constant W'th the appropriate units. circles. Luminescence spectra for 62-A QD’s dispersed in matrices
(_b) Prqbablllty of ele_ctronlc _energy trar_lsfeOur obser- of 38.5-A QD’s shift blue with decreasing concentrations of the
vations(Fig. 7) are consistent with electronic energy transferg, & op's [18% (filled hexagons 6.2% (filled squares 3.2%

from the smaller to the larger dots within the sample inho-(ijled triangles pointed down and 2.1%(filled diamonds] ap-
mogeneous distributiof. Electronic energy transfer leads to proaching the luminescence of the dots dispersed in solution.

guenching of the blue luminescence accompanied by en-
hancement of the red luminescence. This manifests itself as a
Lergisszlifénmliﬁgaskhggzt?ﬂi:r;g :irrlnﬁlasryrtrcl)m;;]r; ﬁgg Bzgr?vzi?ile fqr the inh(_)mogeneous distribution of QD’s dispersed in
served in the photosynthetic bacterium Rhodospirillium ru—_SOIUt'O”' we simulate energy tr_ansfer betw_een ef'iCh dot and
brum, where electronic energy transfer within a spectrall))tS shell of nearest neighbors in a three-dimensional close-
acked QD solid. The number of acceptors in the nearest-

inhomogeneous distribution leads to a redshift in emissior ", . . "
and an asymmetric line shaje. neighbor shell for a potential donor with excitation energy

We calculate an averad®, for LRRT in each of our QD Vem:
solids from spectral overlap, using E@). Now, F(7) is
the normalized emission spectrum for the QD sample, given

FIG. 9. 10-K luminescence spectra for 62-A CdSe QD’s close
packed in a solidfilled circles and dispersed in solutiofopen

by the emission spectrum for the QD’s dispersed in solution; 12 Vem (v—rp)?
eA(?) is the molar extinction coefficient for the QD’s, ob- Na(vem)= 2my ) R T2 dv, (13

tained from the absorption spectrum of the QD solid; apd

is the luminescence QY of the QD solid. Luminescence

QY’s for the solids measured at 10(RT) range from~0.01  is represented by the probability that the 12 proximal dots
to 0.2 (from ~0.001 to 0.0}, a factor of~10 lower than are larger in size, having lower-energy state§(uem)_

QY:S measured for the dots in solution. A reduction in the again transfer of energy from larger to smaller dots is not
QY’s of the solids may arise in part from charge separatioryossible since the smaller dots are transparent to the lower-
and transport between the dots, decreasing the probability @nergy excitations in the larger dots.

both the electron and hole residing in the same dot. Energy Tpe probability that dots within the sample inhomoge-

transfer_ to nonluminescing dots_ probably also contributes tQaqus distribution are not quenched by energy transfer to
guenching of the QY. We obtain values Bf=37.9, _35.4, larger dots and emit their energy is given by
47.3, and 53.9 A for samples, B, C, andD, respectively.

The values folR, show an increase with the increased spec-

tral overlap in samples of larger size QD’s, but vary more 1 (,,em_,,o)z
significantly with the QY for the QD solid. This is seen for D(Vemf: Vem): eXF{ >

sample B, whose QY is lower than for the other three \/EV 2y

samples. A comparison d®, with Rpp=41.3, 50.4, 59.1, X (1= Py ) Nalvem) (14)

and 73.1 A for sampled\, B, C, and D, obtained from
SAXS data, shows energy transfer in QD solids prepared

from single size dots also arises from only nearest-neighbofhere (om = Vo) indicates that the energy of the photons
interdot interactions. Using Eq.(10), we calculate MoCem

P,.—0.38, 0.11, 0.21, and 0.14 for each of the solilsB emitted is equivalent to the initial energy in the dots. As the

CD/;ndb in 'ger;er.al ’values.foP show a decrease V\;ith concentration of neighboring acceptors increases for the

iné:reasin.g dot Size aR increasl?gs faster thaRy. Again smaller dots in the distribution, the probability that they are
DA 0

P, varies with the QY of the solid, seen by the lower quenched by larger dots increases. The probability that dots
pr%/?)ability for sample B ' with energyven are quenched and their energy transferred to

(c) Simulation of energy transfer within the sample inho-and emitted from acceptors af < ven, is described by the
mogeneous distributiorBtarting with the luminescence pro- integral
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12 (Vemf_ VO)2 (Ven]_ VO)Z

o 2qy? 2v° 2v°
Na( Vem)

[1—(1—Ppa)Natem’]

dve (15

Atven) = |

Vemf

m-

We assume that transfer to and emission from any of that 0.25. The dotted lines are used to follow the peaks of
acceptors is equally probable. The emission spectrum for thepectra. Increasing the sample inhomogeneous distribution
QD solid is then a sum of the emission from dots that wergor the QD’s dispersed in solution broadens and slightly red-
not quenChedD(Vem[: Vem)’ plus the emission from accep- shifts the simulated emissi(_)n line shape. The_ spectra for the
tors that were enhanced( Vem,)v upon energy transfer from sollc_is show that _thg magmtude of the redshift and the_nar—
a donor with energw.. = v.... The luminescence spectra rowing of the emission _Ilne shape bfecomes more prominent
em™ Yemy . with increased spectral inhomogeneity. The magnitude of the
calculated for each of the QD solids are shown by openedshift in the luminescence of the solids is not a simple
circles in Fig. 7. The simulated spectra that allow for energymeasure of energy transfer efficiency. The redshift reflects
transfer within the sample inhomogeneous distributions repgth the efficiency of energy transfer and the spectral inho-
produce the experimentally observed red shift. The quality Ofnogeneity of the QD sample.
the simulated spectra relies on our ability to initially fit the (e) Concentration dependence of electronic energy trans-
sample inhomogeneous distribution. The inability of aggr, Figure 9 shows the PL spectra for 62-A CdSe QD's
Gaussian distribution to reproduce the red tail in the lumi-gispersed in solutiotopen circlesand closely packed in QD
nescence of dots dispersed in solution becomes magnified gyjigs(filled circles. To further understand the observed red-
the solids as energy transfer from the small to the large dotghift and modified emission line shape for the QD solids, we
enhances the red tail of the luminescence. dispersed varying concentrations of the 62-A QD’s in matri-
(d) Effects of the sample inhomogeneous distributiég:  ces of smaller 38.5-A QD's, producing glassy solids. De-
ure 8a) compares the 10-K absorption and luminescenc@reasing the concentration of the 62-A dots increases their
spectra for QD solids and dispersions prepared from sampleg/erage separation and the probability that two large dots
averaging 39 A in diameter with a narrow4.5%(sampleA) il be nearest neighbors. As the concentration of the 62-A
and a broad~12% (sampleB) inhomogeneous distribution. ots js decreased, the PL spectra of the 62-A dots shifts blue
The states resolved in the absorption spectrum of salple approaching the solution luminescence at the lowest concen-
are obscured ifB by the increased polydispersity. The line- tration. The emission lineshape for the dots also regains its

width in luminescence is also broadened by the increasedgayssian” appearance as the dots are diluted in the matrix
inhomogeneous distribution &. A comparison of the lumi-  of smaller dots.

nescence spectra for the narrow and broad samples dispersed
in solutions(dashed lingsand close packed in solidsolid

lines) reveals an increase in the magnitude of the redshift for V. CONCLUSION
the solid with increased inhomogeneous distribution. The
magnitude of the redshift for sampke is 14.6 meV, while The physics of interdot interactions between proximal

that for sampleB is 29.6 meV. Close inspection reveals a QD’s is important in understanding the fate of electronic
small narrowing of the emission line shape for the QD solidcarriers and excitations generated in QD structures. In this
for sampleA [difference between solution and solid of 11.2 paper, we present spectroscopic evidence of electronic en-
meV full width at half maximum{FWHM)] and a noticeable, ergy transfer in close-packed CdSe QD solids arising from
larger narrowing of the emission line shape for the QD soliddipole-dipole interdot interactions between proximal dots. In
for sampleB (difference between solution and solid of 22.9 a mixed system designed from small and large dots, elec-
meV FWHM). The increased magnitude of the redshift andtronic energy transfer from the small to the large dots is
the narrowing of the emission line shape with increasingobserved as luminescence quenching of the small dots and
inhomogeneous distribution are observed at both RT and 1fminescence enhancement of the large dots. Usimgté&its
K. theory for LRRT, we obtain independent and consistent mea-
We again fit the luminescence of the solutiof@pen sures of the energy transfer efficiency from spectral overlap
squareps and simulate the expected luminescence of theconsiderations and from the quenching of the luminescence
solid, assuming energy transfer within the distributiopen  of the small dots in the mixed QD solid. The decrease in the
circles. The simulated spectra show that energy transfeluminescence decay for the small dots and the increase in the
within the sample inhomogeneous distribution accounts fofuminescence decay for the large dots is reproduced by the
both the increased redshift and narrowing of the emissiohRRT model with the same energy transfer efficiency. In
line shape with the larger distribution of samie QD samples of single size dots, electronic energy transfer
Figure &b) illustrates the expected dependence of the redwithin the sample inhomogeneous distribution reproduces
shift on size distribution. Figure(B) shows simulated emis- the observed red shift and narrowing of the emission line
sion spectra for six 39-A dot samples with increasing inho-shape in close-packed QD solids. These effects of energy
mogeneous distributions if dispersed in soluti@ashed transfer on the emission line shape for the QD solid become
lines) and close packed in QD solidsolid lineg. Pp for ~ more prominent as the inhomogeneous distribution of the
LRRT in each of the six simulated QD solids is kept constantsample increases. A comparisonRf with the distance be-
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