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ABSTRACT

Evidence is provided for  nonradiative resonant energy transfer (NRET)  from excitons in nanocrystal quantum dots (NCQDs)  to the confined
states of an adjacent quantum well (QW) at low excitation power and rate competitive with the quantum dot radiative decay. This indicates that

NRET in optimized NCQD —QW/nanowire systems may provide a solar energy conversion approach with a viable tradeoff with the bottlenecks

of charge carrier generation and/or transport to/in electrodes faced by excitonic solar cells.

Two dominant classes of semiconductor quantum nanostruc-by a redox species provided by the electroffte such so-
tures have emerged in the past couple of decades: (i) thecalled dye-sensitized solar cells, to overcome the extremely
vapor-phase deposition based planaand spatially tem-  slow percolative movement of the electron through the oxide,
plated (i.e., patternéd’ or seeded)® quantum nanostruc-  dye-sensitized oxide nanowires with considerably higher
tures (wells, wires, and boxes/dots) of which the epitaxial electron mobility (but still around a few v —1-s72) have
planar quantum wefsand the lattice-mismatch strain-driven, begun to be examined as a replacement for the oxide
spontaneously formed, coherent island based quanturtdots nanocrystal3’-18In contrast to the limited absorption range
are the most widely studied and utilized in devices such as (typically 400-800 nm) of the dyes, the potential of solar
transistors, light emitters, and detectb(8) the nanocrystal-  |ight absorption over the broad spectrum frem00 to 1500
based quantum dots, rods, and tetrapods, usually synthesizeflm provided by the tetrahedrally bonded semiconductor
via solution chemistry route$;'! of which the nanocrystal  NCQDs of varying composition and size in the strong
quantum dots (NCQDs) have become most popular given guantum confinement regime has led to investigation of
their usefulness for biological and biomedical imaging npanocrystals as the absorbers in Tiatrix¥ or in a polymer
applications in vivo .and in vitro, including in platform—based matrix2%2t However, the difficulty of rapid carrier extraction
assays? ' An earlier use of nanocrystals involved com- and the low mobility of charge in polymers is a challenging
posites of dye-coated metal oxide nanocrystals of Iarge Si?esobstacle to overcome in the polymer-based approaches.
(where no quantum confinement effects are present) in & thick o, ,ercoming the bottlenecks of carrier separation (i.e., exciton
film, with the pores filled with liquid or solid electrolyte,  yanqport to an interface and subsequent splitting) and/or
which were shown to be promising for solar energy conver- w.onqnqrt to the collecting electrodes has thus remained a

s .
S'O':j'_ The d)(;e rr]nolehcu_les afctr?s th? s_olar |:|)_hoton abs]?rﬁtu_)n major obstacle in the quest for the realization of adequately
medium, and the choice of the relative alignment of thelr' ojont and cost-effective exciton solar cells (i.e., dye-

HOMO and LUMO energy Ievgls V.Vlth rgspect o those of sensitized cells, all-organic cells and inorganicganic
the nanocrystal enables the rapid dissociation of the stronglyhybrid cells). An alternative approach utilizing type Il band

nd exciton he interf nd transfer of the rel .
bound exciton at t e terface and transfer o t N ee""S(adoffset core-shell nanowires as the photon absorbers as well
electron across the interface to the nanocrystal film (that acts , .
: . s the charge separation channel and charge carrier transport
as the anode). The hole migrates to the cathode mediate .
channel has recently been proposed based upon calculations
: : of the electronic energies and charge distributi®nshis
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(@) Inter-dot transfer Intradot In the following, we report on a system designed and
L Recombination synthesized to examine nonradiative excitation transfer from
/A nanocrystal quantum dots (NCQDs) to an adjacent channel
for carrier transport, here a near-surface epitaxially buried
guantum well, at low excitation powers and present the first
evidence for such transfét As shown by arrows in Figure
la, NCQDs excited directly by an external light source can
de-excite via (i) radiative decay, (ii) nonradiative transfer
of energy to other NCQDs, (iii) nonradiative transfer to the
“substrate” (i.e., adjacent nanostructures for collection and
transport), and (iv) nonradiative decay with loss of energy
to surroundings other than (i) and (iii). The physical
mechanisms for these channels compete with each other, and
the challenge is to design and synthesize composite structures
that optimize the desired processes (ii) and (iii). To place
the studies reported here in the proper context of the
literature, in the following, we provide first a brief recapitu-
lation of the conceptual and historical context of the studies
of nonradiative energy transfer from localized states to bulk
solids. This is followed by considerations of the design and
Figure 1. Schematic of (a) ligand-capped NCQDs deposited on synthesis of the NCQBepitaxial nanostructure system, the

near-surface epitaxial guantum nanostructure. Orange arrowspapavior of energy transfer, and a discussion of the results.
indicate the competing intradot recombination, interdot nonradiative '

energy transfer, and NCQD-to-substrate nonradiative energy transfer Energy Transfer between Molecules and Bulk Solids.
processes; (b) nanocrystal absorbers dispersed in an array oHistorically, studies of nonradiative energy transfer between

appropriately designed high-mobility channels. a molecule and a solid originated in response to Purcell’s

We present here an approdtthat utilizesnonradiative predictiorf* in 1946 that the vacuum photon field induced
coupling between transition dipoles for direct transfer of SPontaneous emission decay rate of an excited atom can be
energy from the excitation created by light absorption in an Mmanipulated by changing this field around it. Before experi-
absorber to carrier transport channels that can have chargénental investigations of this prediction could begifirster
mobilities in excess of-10%cm2-V-1-s11 To demonstrate i 1948 showe® that the direct dipoledipole interaction
the concept, it is convenient to place nanocrystal quantum (i-€-, no coupling with photon field) between molecules,
dots as absorbers adjacent to semiconductor quantum wellgvhich goes as the inverse third power of the separatipn (
(Figure 1a) and tailor the relevant energy levels of the Petween the molecules, leads to nonradiative resonant energy

NCQDs and the quantum well to achieve rapid nonradiative transfer at a rate proportional tdR{{r)°, where Ry is a
energy transfer to the transport channel. Such channels characteristic distance at which the nonradiative transfer and
quantum wells or wires, are provided by the technology of radiative decay rates become equal and which thus measures
the planat or spatially patterned epitaxfaf quantum wells ~ the transfer efficiency. In the phenomenologicalrster

and wires (Figure 1a) or chemically templated/seé8aires ~ descriptionR,, now called the Fster radius, is shovihto
formed perpendicular to the substrate (Figure 1b). The be proportional to the overlap of the emission and absorption
convergence of these two classes of nanostructures, particuspectral distributions of the donor and acceptor molecules,
larly the nanowire/NCQD composites in the configuration both of which can be measured. Values Rf between
shown schematically in Figure 1b, provides a potentially cost- molecules range from-1-5 nm. The Fester mechanism
effective technology platform to realize the above-noted has found an important place in molecular phenomena,
objectives. Indeed, any combination of absorber (inorganic including photosynthesis and certain biological processes.
or organic) with high-mobility transport channels (inorganic Pursuing Purcell’'s prediction, in the late 1960s, Drexhage
or organic) will suffice. But common to all material et al. investigated-?®the radiative decay rate of an emitting
combinations and spatial architectures, the fundamentalmolecule near a metal surface and found that it exhibits an
physical process to be examined then is the controlled oscillatory dependence on the molectiretal distance. This
nonradiative transfer of excitation energy from the NCQDs distance dependence reflects the changing nature of the
to nearby quantum wells and wires. This process is separategphoton field at the molecule owing to the constructive and
from carrier (electron or hole) transfer, or radiative energy destructive interference between the electromagnetic field
transfer. It can be made fruitfully rapid in appropriately generated by the dipole of the emitting molecule and the
designed systems. Such platforms, we propose, could providdield reflected by the metal surface. Since Drexhage’s
the building blocks of functional systems with architectures confirmation of the Purcell effect, solemolecule interaction
designed for a variety of applications ranging from solar studies have evolved into two major fields: (1) controlled
energy conversion to detection of chemical, biochemical, or enhanced emission from atoms and molecules in cavities
biological agents in the environment or in clinical applica- (microwave and optical); indeed, the emergence of the
tions. epitaxial self-assembled quantum dots in the 1990s and their
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placement in epitaxially grown microcavities has accelerated high pump laser powers (MW/cinwas utilized to create
the now-active field of semiconductor cavity quantum the high carrier density ($8cn?) in the quantum well
electrodynamicd?3°(2) the photophysics of molecules as a required to demonstrate energy transfer to the NC&Dsr
function of distance from surface, in particular beyond the objective is the opposite: energy transfiesm the NCQDs
findings of Drexhage in the far-field interaction regime which to the buried quantum well, and at low powers. For
could be understood well by a classical electromagnetism completeness, we note that excitation transfer between two
(Maxwell’s equations) based phenomenological theory de- localized epitaxial semiconductor nanostructures, such as
veloped by Chance, Prock, and Silbey (CPS) in the 1970s. coupled quantum wells and coupled quantum dots, has been
The CPS description represented the solid by a dielectric examined and exploited for devices based on carrier tunnel-
function and the molecule as a point dipole. CPS found the ing.3":*8 However, studies of excitation transfer between
nonradiative energy transfer rate to the metal to goRgs ( colloidal quantum nanostructures and buried epitaxial nano-
r", with n = 3, whereR, is the Faoster radius. For the  structures are just beginning and the study of tranfsten
semiconductor substrates of interest to our work reported adsorbed nanocrystal quantum structutesuried nano-
here, a major step forwattiwas taken by Stavola, Dexter, structures, as demonstrated below, is the first of its kind.
and Knox (SDK), who provided a quantum mechanical  The Nanocrystal Quantum-Dot-Buried Quantum Nano-
formulation of energy transfer from an excited molecule to structure Composite SystemsCentral to the desired energy
underlying direct or indirect band gap semiconductor via transfer is controlling the relative position of the relevant
excitation of electrorrhole pairs. SDK derivedthe criterion energy levels of the constituents (called band or energy
r ~ 7aas a reasonable transition regime between large andoffsets) and the nature of the associated electronic charge
small separations,being the perpendicular distance between distributions. For the most part, however, the energy offsets
the dipole and the solid surface aathe lattice constant of  are not sufficiently accurately known and the electron affinity
the solid. Analytical results for nonradiative energy transfer (or photothreshold) values of the constituents are customarily
rate in the large separation regime could be extracted andused and aligned with respect to a common vacuum level to
showed the inverse cubic dependence found in the phenommimic an overall potential defining the composite system.
enological theory of CPS. Indeed, this inverse cubic law As our interest here is focused on nonradiative excitation
could be anticipated by applying dimensional sum argumentstransfer from the adsorbed NCQDs to buried quantum
to Farster’s inverse sixth power law for transfer between two nanostructures, for the absolute transition energies of the
dipoles (molecules). Moreover, SDK showed that the pres- major constituents, we have chosen the ground-state lumi-
ence of states localized at the surface restricts the sum ofnescence energy of the NCQD distribution (peak vat9é5
dipole—dipole interactions in the surface to two dimensions nm for PbS NCQDs) to be larger than the gap of a buried
and thus gives rise ta = 4, i.e., an inverse fourth power  quantum well 1100 nm for an InGaAs well buried between
law contribution®? The first experimental study for semi- GaAs) but yet smaller than the substrate band gap (873 nm
conductor substrates was carried out by Alivisatos &8 al. for GaAs at room temperature). Their electron affinity rule
The authors showed that energy transfer from an adsorbedbased energy lineup is shown in Figure 2a, whereas Figure
two-dimensional pyrene molecule overlayer to Si(111) 2b indicates schematically the broadening of the ideally delta-
substrate as a function of the thickness of an inert Xe spacerfunction-like density of states of the NCQDs due to level
between the two can be modeled by the classical imagebroadening arising from their size fluctuation and the step-
dipole interaction as depicted by CPS at moleeule edge broadening of the two-dimensional electron and hole
semiconductor separations greater tha20 nm but, con- densities of states of the quantum well arising from the
sistent with SDK, showed significant departure for distances quantum well width and depth fluctuations. This arrangement
<3 nm33 permits exciting the NCQDs without exciting the GaAs
Transfer between Localized States near Solid Surface ~ substrate. The near surface quantum well (NSQW) is a GaAs/
and a Buried Semiconductor NanostructureMoving away ~ [(InAs)i(GaAs}] x 8/GaAs short period superlattice buried
from bulk solids, Basko et & theoretically examined 10 ML (~3 nm) below the sulfur-passivated GaAs surface
resonant energy transfer from the one-dimensionally confined (Supporting Information Section S1). Its PL (Figure 3a) peak
(i.e., two-dimensional) states in a semiconductor quantum wavelength at~1100 nm and full width at half-maximum
well to the excited states of an adsorbed organic molecularof ~95 nm (97 meV) are tailored to act as suitable acceptors
noncrystalline overlayer and predicted efficient réter of nonradiative energy transfer from the spectral distribution,
energy transfer for separations on the order of 5 nm. shown in Figure 3b to be 134 nm (181 meV), accompanying
However, to our knowledge, no experimental investigations the size distribution of the donor PbS nanocrystal quantum
of quantum wel-molecule composite systems have been dots (Supporting Information Section S1) used in the hybrid
reported. Very recently, this idea has been applied to a studystructures reported on here. We note that, given the weak
of electron and hole transfer from quantum well to an binding energies <10 meV) of excitons in such quantum
adsorbed nanocrystal quantum dot layer, motivated by thewells, the room-temperature PL emission is dominated by
aim of demonstrating the potential of such hybrid structures €lectron-hole pair emission.
for creating white-light-emitting diode€:3¢ Although electri- To create the integrated NCQD-buried epitaxial nano-
cal injection of the electrons and holes into the quantum well structure hybrid systems, we systematically exanihed
is the stated desired objective, optical pumping at extremely adsorption of the PbS NCQDs from solution on the above-
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Figure 3. (a) Room-temperature PL from an GaAs/[(InAs)
(b) cans Energy (GaAs)] x 8/GaAs near-surface quantum well (NSQW) buried

Substrate (inAs) (GaAs)IXB NCaD 10 ML below the sulfur-passivated GaAs (line widt®5 nm (97
Nca(E) R b meV)) at excitation 850 nm (black) and 910 nm (gray). Note the
Ne(E) PL from NSQW at 910 nm excitation (below the GaAs band gap)
B0 drops below detection limit due to the lack of feeding from the
! GaAs substrate underneath. (b) Photoluminescence (normalized to
w/_) QE; : the NCQD coverage) from a submonolayer of PbS NCQDs
Bt deposited on a glass substrate (dotted) and on a GaAs substrate
1 420V L 413ev 1280V (solid curve line width~134 nm (181 meV)).
873nm i {1100nm : (965nm)
P f Internanocrystal Quantum Dot Energy Transfer. The
5 spectral distribution of the PL from NCQDs seen in Figure
~E=f==HOMO 3b is, of course, well-known to arise from the inhomogeneity
ESete g of the NCQD size distribution. The NCQDs are spatially
Nue(E) distributed on the surface at a local density such that

Nh{E)

significant inter-NCQD interaction, especially in the excited
Figure 2. (a) Electron affinity Ka) rule based alignment of the  €lectronic states due to their more extended wavefunctions,
energy levels of the NCQDs, the ligands, the substrate, and thecan occur, inducing energy transfer from the smaller to the
buried quantum well. Numerical values shown correspond to the Jarger NCQDs. This skews the emission toward larger
system of PbS NCQDs on InGaAs QW buried in GaAs substrate ycops. We have thus examined the interdot energy transfer

utilized for the experimental findings reported here. (b) Schematic . . o
showing the energy levels and density of electron and hole s’[atesbehav'or between the PbS colloidal nanocrystals utilizing

in our PbS NCQDs on an InGaAs QW buried GaAs substrate time-resolved PL measurements (Supporting Information
system. Note the broadening of the quantized electron and holeSection S2) on samples with PbS NCQDs deposited on glass,
energy levels in the NCQDs and of the step rise in QW due to size thus avoiding any ambiguity arising from the impact of the
or composition inhomogeneity. semiconductor surface. Figure 4a shows the room-temper-
ature PL decay for detection at the NCQD PL peak (1.28
eV/965 nm) and at a higher energy (1.38 eV/900 nm)
corresponding to the smaller NCQDs. Note the faster decay
for the smaller NCQDs. We find that the PL decays are fit
well only with a stretched exponential function, a form
known to be suitable for transfer of energy between localized
gobjects (here NCQDs) with fluctuating energy states in
 addition to fluctuations in interobject separatiSri?

noted sulfur-passivated GaAs surfaces with a particular focus
on controlled deposition of only monolayer high NCQDs at
submonolayer coverages characterized by atomic force
microscopy (AFM). (Supporting Information Section S1).
We have previously reportét! on the ability of the
nanocrystals to retain their structural integrity when absorbe
on a crystalline semiconductor substrate and potentia
consequences of even epitaxial overgrowth. The photolu-

minescence behavior of such adsorbed monolayers of PbS lp (t) = C+ Aexp(- (7)) 1)
NCQDs on GaAs and glass substrates, normalized to the

coverage, are shown in Figure 3b. In both cases, the PL from The need for “stretched exponential” describes the pres-
the PbS NCQDs is peaked a965 nm, sufficiently distant ~ ence of a superposition of exponentially decaying fluores-
from the designed InGaAs NSQW emission peak-&i00 cence intensities from a large number of NCQDs having a
nm. The overall PL for the NCQDs on GaAs substrate is distribution of decay time constan{s;}. Note thatz; is a
~60% of that from the NCQDs on glass substrate, consistentmeasure of the total decay rate of a set of nanocrystals, i.e.,
with the reduced local electric field effect arising from the the sum of the decay rates due to intradot radiative and
different refractive indicesn of the GaAs § = 3.5) and nonradiative processes, extradot nonradiative loss, and in-
glass o = 1.5) substrate® Such samples were used for the terdot Faoster transfer. Also, note that the smaller the
studies of optical excitation transfer described in the fol- stretching exponert, the broader the distribution of decay
lowing. time constantg§z;}. As the measurement of intensity decay
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(@ 1 L R L L of the smaller NCQDs remains100 ns, essentially inde-
PbS NC on Glass Substrate! pendent of the temperature. This indicates that the radiative
800nm excitation, 297K i s . .
- lifetime of the smaller NCQDs is longer than the nonradiative
& Pet @9esnm excitation transfer time to the larger ones and the measure-
z , I‘“;“::' B=0.7, ment is thus limited by this rapid transfer. The mechanism
otk o= of such interdot transfer at the NCQD densities being
= Ds’l'.'@ examined here has been established previdugly be
. g0onm ¥ dominated by the Hster dipole-dipole interaction between
f. T=72ns, B=0.6, T ,=108ns Ty primarily nearest-neighbor quantum dots even in thick films.
0 200 400 600 800 1000 1200 1400 1600 Indeed, films created with NCQD size-ordered layer-by-layer
b Time (ns) deposition show a unidirectional flow of enertfyThe
( )1500 . . . . Forster transfer raterf’) is well-knowrf>2¢ to be propor-
2 1400 | PbS NC on Glass Substrate | tional to the radiative decay rater‘jj) with a proportional-
g - 800nm fs Excitation 1 ity factor that, for point dipoles, can be represented as a
= 1200 1 . " .
-~ power law @) of the ratio of the Foster critical radiusRy)
1000 I 1 . ) )
g oo . and the separatiorr)(between the dipoles:
£ B00F Det @ 965nm -
?ﬁ, I ! 1 -1__ Ro" -1
8 400 Det @ 900nm _ 1 T =7 Tra (3)
E 202: l . L 9 ]
50 100 150 200 250 300 The radiative decay time is the rate when photon emission
Temperature (K) is the only decay mechanism and is givendyy, = QEry,,

Figure 4. (a) lllustrative example of time-resolved PL of PbS NCs WhereQE is the quantum efficiency of the NCQDs aqg[l

on glass substrate at 297 K, detected at the PL peak wavelength ofS the measured total decay rate. For the PbS NCQDs used,
965 nm (red) and at 900 nm (blue). TRPL spectra are fitted with the measure@E is ~30% (assuming that th@E of NCQDs
stretched exponential functions (black solid curves), which give deposited on the substrate is the same as NCQDs in toluene
mean total luminescence decay time:) of 287 and 108 ns for solution) andft;tly measured at 965 nm for PbS NCQDs on

emission at 965 and 900 nm, respectively, from the most probable - 1 . L
and smaller size NCs. (b) Measured temperature dependence mglass, is~(287 ns)™. Thus the estimated radiative decay

the total luminescence decay tima,{ detected at 965 nm (red) ~ rate of PbS NCQDs is-(960 ns)*. Utilizing the well-

and 900 nm (blue). Note the decay time at 900 nm is limited to knowr?® expression foRy, for our experiments, we estiméate
~100 ns and independent of temperature, indicating rapid interdot|:\>O = 5.9 nm, while the center-to-center distance between
energy transfer. the PbS NCQDs (accounting for the NCQD diameter of 2.5
) _ _ ) o nm and each NC coated with ligandd nm in length) isr

in eq 1 is for a narrow slice of the size distribution of the — 45 nm. The dense packing of the NCQDs indicates that
NCQDs defined by the chosen detection wavelength and the nearest-neighbor dipetelipole interaction is the domi-
window, a distribution of decay times manifestegbireveals nant contributor to energy transfer, and thus= 6 power

the statistical variations in the immediate environment of the |a\ in eq 3 is appropriate for interdot transfer, as also
NCQDs, such as the number of passivating ligands, SUffaC@previously found for thick NCQD filmé? The inter-NCQD
defects, and distribution of the size of the nearest neighbors.Fgrster rate for NCQDs on the surface is then obtained to
From such a distribution of individual decay times sampled pg ~(189 nsY?, significantly higher 5 times) than the

at a given wavelength, a mean total decay timjelcan be  NCQD intrinsic radiative decay rate~(960 ns)%). This

calculated and is related to the parameters in eqt as:  yajue is also consistent with the vals€170 ns)! calculated
directly from the difference of the rates(108 ns)?! and
=Gl (%)F(%) @) ~(287 ns)! seen in Figure 4. The nearest-neighborster

o transfer efficiency for the employed NCQDs having 30%

guantum efficiency is thus (170 ng)(108 ns)?!, ~63%.

wherel represents the gamma function. We think this mean With improvements in the chemistry of NCQD synthesis and
value is more representative of the physical behavior relevantsurface functionalization, their quantum efficiency can be
to assessment of energy transfer rather than the time obtainednade near unity and thus the transfer efficiency will go up
in the strectched exponential fitting. Henceforth, therefore, to ~85%.
reference to NCQD luminescence decay time extracted from The central importance of the ratio of the inter-NCQD
TRPL measurements refers tg, calculated from eq 2. nonradiative transfer rate to the intra-NCQD radiative decay

To shed further light on the measured decay time constantrate for the design of the NCQD-adjacent carrier transport
of the NCQDs, we examined the temperature dependencechannel system is that it governs the mean distance through
of the PL decay behavior of the ensemble. Figure 4b showsthe NCQD film over which resonant energy transfer to the
the temperature dependence of the extracted decay timesNCQDs in direct contact with the channel may be realized.
Note that the decay time of the larger NCQDs in the For a conservative estimate of this distance, taking our
ensemble increases with decreasing temperature, whereas thateasured nearest neighbor transfer value of 63%, an on-
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average transfer of 46% occurs for five NCQDS in a row. (a) go (b)

For quantum dots with near-unity quantum efficiency, Bo_gfg:m bl L BO’R:EK” ‘ T‘SNG%‘F’W

starting with~85% nearest-neighbor FRET, five nanocrystals 1 | / & g 50_935"'“#';"

would allow resonant transfer of energy with74% ef- N aan / M Exc. |!

ficiency on average. For closest packing and typical NCQD 2 g72nm/ . | PBSNC | 2401 910""‘;

diameter of say-5 nm, this gives~45 nm (i.e., nine linear = %[ l"| BT s

NCQDs) as typical spacing between the exciton collection E Gl /f|| : el ESU

channels. This requirement needs to be balanced agains< 20po.0s - S

the need for nanocrystal films of typically about a micrometer & 20} ° | £ Wy

thickness to provide sufficient optical absorption path length 1oL | 100Wiem” - ] 10} 100W/em®. N 1

to achieve essentially 100% photon absorption. Thus the L R . 0 . T

conventional solar cell geometry, i.e., such a thick film 800 900 1000 1100 1200 800 900 1000 1100 1200
Wavelength (nm) Wavelength (nm)

sandwiched between two electrodés?*®is incompatible

with effectivenonradiative energy transport to the electrodes. Figure 5. Room-temperature PL of PbS NCQDs on passivated
In this geometry, very thin{50 nm) layers of NCQDs need  GaAs (solid curve) and on passivated NSQW (dotted curve)
to be sandwiched in a multilayer configuration, which would excitation at 850 nm (panel a) and 910 nm (panel b), above and

require benign repeated sequential deposition of the collectionbelow the GaAs band gap at 873 nm, respectively. Data shown are
channels and NCQD4:% Alternatively, a two-dimensional the average of 10 PL measurements at 10 different spots on each
array of about a micrometer long quantum well/nanowire sample.

vertical channels spaced35—45 nm apart on an appropriate
substrate with the space between them filled with NCQDs
(Figure 1b) provides a more effective geometry. The gener-
ated excitons, having arrived at the collection channel by
the FRET mechanism may, depending upon the chosen
relative alignment of the HOMOGLUMO energies of the

the reduction in the NCQD PL seen belowl120 nm in

the presence of the buried quantum well establishes the
presence of transfer of excitation from the NCQDs to the
buried quantum well. Note also the correspondingly reduced
QW luminescence at+1100 nm, but which likely includes
some contribution due to the radiative recombination of the

NCQD he ch I fer thei i i ) ;
CQ qnd the channel, trans ef‘ eir energy via (a) exciton electron-hole pairs generated by the NCQD exciton energy
splitting into electron and hole with transfer of only one type . L
transferred to the buried epitaxial quantum well.

of carrier and thus the attendant need for subsequent charge . .
carrier transport in separate media or, (b) by Cl]\lRET tha? The transfer of the excitons from the NCQDs to the buried
: C guantum well involves, at the minimum, excitons in the
directly generates an electrohole pair in the same transport round state of the NCQDs, i.e., the electrons and holes that
channel that is high mobility for both types. Next, we present g . L
) o have relaxed to their HOMO and LUMO states before
studies of the excitation transfer process from NCQDs to - .
excitation transfer to the quantum well. Energy conservation

adjacent quantum well, o . then demands that excited electron and hole states of the
NCQD to Quantum Well Excitation Transfer. Having  qantum well are involved. Such excited quantum well
established reference behavior of inter-NCQD excitation gjectrons and holes are well establisigo relax to their
transfer within its own inhomoge_ne(_)us size distribution, we respective ground states very rapidly (picoseconds), thus
next present our findings on excitation transfer between the angyring unidirectionality to the energy transfer. To shed light
NCQDs and underlying semiconductor substrates with and o, the time scale and efficiency of such excitation transfer,
without buried quantum wells. Figure 5a shows the room- \ye nave examined the time-resolved behavior of the
temperature time-integrated PL from two types of samples: |;minescence from the NCQDs adsorbed on quantum-well-
PbS NCQDs on GaAs substrates without (solid curve) and containing substrates and compared it to the behavior on
with (dotted curve) near-surface buried InGaAs quantum control substrates without the buried quantum well. Figure
well. Here the excitation wavelength is 850 nm, shorter than g shows the room-temperature time decay behavior of the
the room-temperature GaAs band gap wavelength of 872 nm.|;minescence peak of the NCQDs at 965 nm. Note the
Thus, in addition to the excitons created by direct absorption considerably fast decay time 6f208 ns in the presence of
by the PbS NCQDs and the quantum well, excitons are tpe quantum well as compared to th€98 ns decay time
generated in the GaAs substrate, some of which feed to thegn the GaAs control substrate. The reduction of the decay
buried quantum well, contributing to the observed emission tjme to~208 ns for the substrate with the buried near-surface
at~1100 nm. (Recall that the PL from the buried quantum quantum well is further manifestation of the opening of an
well without NCQDs adsorbed is shown in Figure 3a). Note excitation transfer channel provided by the one-dimensionally
the reduction in the PL intensity from the NCQDs when confined states of the quantum well (Figure 2b).
gOiﬂg from substrates with no buried quantum well (SOlld Discussion and ConclusionAs noted above, the mea-
curve) to substrates with buried quantum well (dotted curve). syred reduction in the integrated PL intensity from PbS
To eliminate the feeding of the quantum well by the NCQDs on NSQW compared to PbS NCQDs on GaAs
excitons generated in the GaAs substrate, we excited the(Figure 5) is~35%. In the measured TRPL spectrum, the
samples at energies below the GaAs substrate band gap buPL peak intensity after excitation light pulse is essentially
above the NCQD HOMOGLUMO gap. An example is  the same for the two types of samples, testifying to the
shown in Figure 5b for excitation at 910 nm. Once again, reproducibility of the NCQD distribution on the GaAs
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Figure 6. (a) Time-resolved PL of PbS NCs on passviated GaAs
(blue) and on passivated NSQW (red), excited at 900 nm (below
GaAs band gap) and detected at 965 nm (PbS PL peak). The decay ] ) ] o
of the TRPL curves are fitted using stretched exponential function. Figure 7. Schematic showing an architecture comprising nano-
(b) Mean luminescence decay time,{ of PbS NCs (detected at ~ Crystal absorbers embedded in a vertical array of high-mobility
965 nm) on GaAs and on NSQW. Error bar shows the standard channels that allow nonradiative transfer of excitons from the
deviation of the measured decay times from five different spots on adjacent NCQDs and simultaneously provide high-mobility trans-
each sample. port.

surface. Defining the peak intensity as titre 0, the NCQD intradot radiative decay rate. Of course, energy transfer

HOMO-LUMO PL total decay rate in the presence of OCCUrs even otherwise. We note thag depends on the

NSQW (r_l(NSQW) = (208 ns)Y) is ~40% faster than on wavelength of NCQD emission, the absorption cross-section

GaAs (L'_}'c()tGaAS)Z (298 ns)?) of the NSQW, the spectral overlap between the NCQDs and
tot .

The total decay rate of the PbS NCQDs on NSQW bearing th;titljgvl\é; izndroth(?rt?ounazﬂt?onlh)gel\lldcngﬂ:nizls?g]@v?,gve-
GaAs (rt_otl(NSQW)z (208 ns)Y) can be written as the sum P ' prop

. ) length. Hence, compared to the NCQDs in the visible
Of_’IICQD total decay rate on GaAs W|th_ou_t the buried QW spectrum (such as CdS, CdSe, CdSe/zZnS, etc.), the near-
(71 (GaAs)= (298 nsy!) and the nonradiative transfer rate

tot _ ; ~infrared (NIR) NCQDs (such as PbS, PbSe or InAs based)
(rnr) OF excitons from PbS NCQDs directly to the NSQW: 510 even better suited for excitation transfer applications.

Because their radiative decay rate represents the intrinsic rate-
Tl (NSQW) = 7(GaAs)+ 1yz 4) limiting step for the availability of excitons to transfer their
energy, it is reasonable to expect that with the continued
o _ perfection of NCQD synthesis and improved QD quantum
Thus we calculate the nonradiative transfer m’;@}o be  efficiency (through more effective surface passivation that
~(690 ns)™. Recalling that the radiative decay ratgf) of  requces nonradiative recombination), the majority of the
PbS NCQD is~(960 ns)*, we thus find the nonradiative  excitons created in the NCQDs can indeed be rapidly
energy transfer rater(z) from the PbS NCQDs to the transferred to the NSQW before recombining radiatively
NSQW is~1.4 times the radiative decay ratg; For the  within the NCQDs. As noted above, even for the NCOD
PbS quantum dots used here having 30% quantum yield, thisNSQW composite design involving-8.2 nm separation
gives~30% nonradiative resonant transfer efficiency to the petween them employed in these first demonstration experi-
NSQW channel. For near-unity quantum yield dots, it would ments, for near-unity quantum yield dots, thadter transfer
be~60%. Note that the measured NCQD to NSQW transfer efficiency would be~60%. Reducing the separation to 6
rate is seen to be about a quarter as fast as the measurefim would enhance the rate by a factor o# and thus
rate (170 ns)* for interdot Faster transfer from the small  enhance the efficiency of the transfer to the channel@d%.
to the large NCQDs within in the densely packed NCQD  Having established the feasibility obnradiative transfer
monolayer. This is expected given the larger distane& 2 of energy absorbed by the NCQDs to adjacent quantum wells
nm) of the NCQD monolayer from the underlying quantum that are known to be structures that provide high carrier
well in the current concept-demonstration system. At such mopilities, we are motivated to examine a variety of

Separation, FRET is ||k6|y the primary contributor to NRET. appropriate architectures of nanocrystaLabsoﬂbﬁgh_

The SDK theory places the separatio® nm in the far-  mopility transport channel integrated hybrid structures. The
field regime. Thus utilizing for the transfer rate to a quantum architectures may involve transfer to and collection from
well the Foster expression:’ = (Ryr)* 7,5 the above-  quantum wells in a planar geometry (horizontal, vertical, or
extracted transfer rate of (690 n§)measured radiative decay  inclined) or to two- or three-dimensional array of nanowires
rate of (960 ns)!, andr = 8.2 nm, we extrad, to be~8.9 realized via vapor-phase growth and structural or chemical
nm for the current PbS NCQDs on the InGaAs near-surface templating techniques. Recall that to achieve 100% photon
guantum well system. absorption requires the NCQD film to be about a micrometer

Because the Feter energy transfer rate is proportional to thick. An illustrative architecture is shown in Figure 7. It
the radiative transfer rate (eq 1), as long as the design of theinvolves an appropriately designed array of charge transport
composite NCQDB-QW nanosystem maintain&{r) > 1, channels with spacing optimized for desired level of on-
the energy transfer rate to the QW will be faster than the average inter-NCQD NRET efficiency, as discussed in the
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preceding. Our findings permit estimation of the range of ments. This material is available free of charge via the
overall efficiency expected from NRET-based solar cells for Internet at http://pubs.acs.org.
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