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The integration of organic and inorganic semiconductors on the
nanoscale offers the possibility of developing new photonic
devices that combine the best features of these two distinct
classes of material. Such devices could, for example, benefit
from the large oscillator strengths found in organic materials
and the nonlinear optical properties of inorganic species. Here
we describe a novel hybrid organic/inorganic nanocomposite
in which alternating monolayers of J-aggregates of cyanine dye
and crystalline semiconductor quantum dots are grown by a
layer-by-layer self-assembly technique. We demonstrate near-
field photon-mediated coupling of vastly dissimilar optical
excitations in the two materials that can reach efficiencies of
up to 98% at room temperature. By varying the size of the
quantum dots and thus tuning their optical resonance for
absorption and emission, we also show how the ability of
J-aggregates to harvest light can be harnessed to increase the
effective absorption cross section of the quantum dots by up to
a factor of ten. Combining organic and inorganic
semiconductors in this way could lead to novel nanoscale
designs for light-emitting, photovoltaic and sensor applications' .

The concept of exploiting resonant energy transfer between
organic and inorganic semiconductor materials to create
nanoscale interfaces with useful electromagnetic properties was
first suggested by Agranovich and co-workers in 1999 (ref. 5),
and has recently been demonstrated®®. The coupling takes place
between excitons—bound electron—hole pairs—within the
hybrid composite. The most common form of exciton in an
organic semiconductor is a Frenkel exciton, which is tightly
localized on a single molecular site and moves as a unit through
the molecules. On the other hand, the Wannier—Mott excitons
found in inorganic semiconductors can span across hundreds of
lattice unit cells. To fully exploit the electromagnetic coupling
between these different types of excitons, one must seek for
materials that exhibit strong photon—matter interactions. As the
key ingredients for the novel nanocomposite material system
reported in this paper, colloidal semiconductor quantum dots
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(QDs) offer superior photostability and wavelength tunability?,
and J-aggregates (self-assembled molecules in a regular linear
arrangement in which the transition moments of individual
monomers are aligned parallel to the line joining their centres)
have exceptional optical oscillator strength!®. Unlike prior
demonstrations of the energy transfer in heterostructures
involving semiconductor quantum wells®!!, the optical attributes
of our QD/J-aggregate hybrids are highlighted by their robust
excitonic transitions at room temperature with spectrally
concentrated absorption and emission strengths.

The layer-by-layer (LBL) assembly approach!? is a general
preparative technique for creating multilayer thin films whose
thickness can be controlled precisely on the nanometre scale. It
has been successfully applied to the fabrication of functional thin
films of material species ranging from dyes'? to nanoparticles'?,
proteins and DNA strands'®, and so on. Recently, exceptionally
large absorption coefficients (>10°cm™!) at room temperature
have been measured in ultrathin J-aggregate films prepared by
this technique'®. Figure la schematically shows the typical
structure of the hybrid organic/inorganic (J-aggregate/QD) LBL
films that we synthesized for the present study, along with the
chemical structures of the constituents. In the hybrid film, a
single monolayer J-aggregate of cyanine dye (TDBC) was
sandwiched between two monolayers of CdSe—ZnS core—shell
structured QDs, with polyelectrolyte (PDDA) acting as the
ultrathin ‘molecular glue’ We focus in this paper on two types
of hybrid films, one with QD emission centred at 548 nm
(referred to as film I) and the other at 653 nm (referred to as
film II), thus providing contrasting cases of excitation coupling
with respect to the fixed J-aggregate emission at 594 nm.
Representative atomic force microscopy (AFM) images of hybrid
film II and two additional QD and J-aggregate reference films are
shown in Fig. 1b—d. Height analysis on the images revealed that
the TDBC/PDDA bilayer film thickness was approximately
3.3 nm, in good correspondence with the monolayer thicknesses
of TDBC J-aggregate (~1.8—2 nm) and PDDA (1.3 nm) previously
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Figure 1 Hybrid organic—inorganic (J-aggregate/QD) multilayer film deposited by LBL assembly. a, Schematic of the hybrid film layer structure: a monolayer

J-aggregate of 5,6-dichloro-2-[3-[5,6-dichloro-1-ethyl-3-(3-sulphopropyl)-

2(3H)-benzimidazolidene]-1-propenyl]-1-ethyl-3-(3-sulphopropyl) benzimidazolium

hydroxide (TDBC) is sandwiched between two monolayers of CdSe—ZnS QDs, joined by monolayers of poly(diallyldimethylammonium chloride) (PDDA). Molecular
structures of TDBC, PDDA and MUA are illustrated in the lower panel. b—d, AFM images of the LBL-grown films, consisting of a monolayer of QDs (A, = 653 nm)
(PDDA/QD) (b), a monolayer of J-aggregate (PDDA/TDBC/PDDA) (c), and the hybrid film Il (d). The scale bars in b—d are 100 nm.

acquired by neutron scattering!” and X-ray reflectivity!®
measurements.  The  average  diameters of the 11-
mercaptoundecanoic acid (MUA)-capped QDs in film I and film
1T were determined to be 5 nm and 9 nm, respectively.

In hybrid film I, we studied the excitonic energy transfer from
the QDs to the J-aggregates, whose spectral relationship is
illustrated in Fig. 2a. The greenish QD emission is spectrally
distinct from that of the J-aggregate, yet provides sufficient
spectral overlap with the J-band absorption for electromagnetic
interaction. In the absorbance spectrum of film I shown in the
inset of Fig. 2b, we note that the QD absorption became
dominant over that of the J-aggregate for wavelengths below
450 nm. We next chose to set the photoexcitation at A_, = 380 nm
to ensure a dominant input excitation to the QDs alone. Shown
in Fig. 2b, the resulting photoluminescence (PL) spectrum of film
I exhibited a pronounced quenching effect of the QD emission by
nearly 98%, with a simultaneous boost of the J-aggregate
luminescence. Such luminescence contrast is consistent with the
quantum yields of the QDs (50%) and J-aggregate (15%)
obtained through separate PL and absorption measurements.

Next, time-resolved PL studies of the hybrid film I were carried
out using both streak camera and time-correlated single photon
counting (TCSPC) techniques. The detection wavelength was
chosen to assure easy spectral isolation of the QD emission as
detailed in Fig. 2d. In Fig. 2¢, we show how the QD PL decay in
hybrid film I was significantly accelerated with respect to that of
the QD control, but displayed a non-exponential nature that may
be a consequence of film inhomogeneity. In examining the details
of the excitation transfer dynamics in Fig. 2e, a pronounced
elongation of the J-aggregate PL decay in film I was detected in
comparison to the J-aggregate control, indicating the continuity
of energy transfer following the photoexcitation. The discrepancy
between the temporal behaviours of QDs and J-aggregates in the
hybrid film was attributed to the presence of multiple energy
transfer rates and small-residue J-aggregate absorption at the
excitation wavelength. The overall behaviours can be well
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described by a simple rate equation model, which yielded a fast
energy transfer rate of 0.05 ps™! accounting for 76% of the total
QD population.

In a role reversal, efficient energy transfer from J-aggregates to
QDs could lead to a hybrid material that brings together the
benefits from both constituents, namely large absorption strength
and high quantum efficiency. We explored this in hybrid film II,
where the QD emission was offset to the lower energy side of the
J-aggregate emission, as displayed in Fig. 3a. The absorbance
spectrum of film II is shown in the inset of Fig. 3b.
Demonstrating excitonic excitation transfer, Fig. 3b presents the
PL spectrum of film II upon illumination at the J-band
absorption peak (A,, =589 nm). After spectral decomposition
and analysis, we measured that the QD emission in film II was
enhanced tenfold in relation to the QD control film, but its
spectral profile and position were preserved.

Photoluminescence excitation (PLE) measurement of the
hybrid film II probing at the QD emission peak (A,,, = 653 nm)
offered another useful perspective for this interesting
phenomenon. As depicted in Fig. 3d, a pronounced feature
closely resembling the J-band absorption appeared atop the QD
PLE background. Quantitative analysis of the PLE spectrum has
enabled us to extract the energy transfer efficiency from
J-aggregates to QDs as follows. We express the PLE spectrum of
film II with residual J-aggregate emission at 653 nm subtracted as
[Abs'(A) x m(A) + AbsRP(A)] x QY x F(A). Here, Abs/(A) and
AbsQP(A) are the absorption of J-aggregates and QDs,
respectively; m(A) is the energy transfer efficiency; QY is the
quantum yield of the QD; F()A) describes all other factors that are
sample-independent, such as instrumentation response.
Accounting for factors QY and F(A) by a proper reference sample,
the effective QD absorption, namely Abs'(A) x m(A) + AbsQP(A),
can be obtained from the PLE spectrum. The result is
summarized in Fig. 3¢, in conjunction with the absorption
spectra of film II and the QD control. Then 7(A) can be derived
from the ratio of the differences between these curves, as plotted
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Figure 2 Optical characterizations of hybrid film | to explore resonance energy transfer from QDs to J-aggregates. a, Absorption (blue) and emission (orange)
spectra of the TDBC J-aggregate film, as well as the emission spectrum of the QDs (A,,, = 548 nm) (green). b, PL spectra of the hybrid film I (red), QD control film
(green) and the J-aggregate control film (blue). The excitation wavelength was set to be 380 nm. The inset shows the absorbance spectrum of the hybrid film [ (solid
line) in semi-logarithmic scale. The QD contribution is visible in the wavelength range below 450 nm, with respect to the roll-off of the J-aggregate absorption
(dashed line) towards shorter wavelengths. ¢, Time-resolved QD PL decay traces (normalized) from the QD control film (red) and the hybrid film | (green), detected in
the neighbourhood of 546 nm. d, PL spectrum of the hybrid film | (red) was fitted by a linear combination (green) of the QD and the J-aggregate emissions (dashed
line). The optical detection bandwidth was 10 nm (indicated by the arrows) and 3 nm, for streak camera and TCSPC, respectively. It is estimated that more than 97%

of the photons collected within the detection band from hybrid film | were contributed by the QD emission. e, Time-resolved PL decay traces measured by streak
camera at picosecond timescale, from the QD in hybrid film | (green), the J-aggregate in hybrid film | (orange) and the J-aggregate control film (purple). The
J-aggregate emission was detected with 10-nm bandwidth centred at 600 nm. The fitting curves (dashed lines) for the former two traces were generated in a rate
equation model and were convolved with the instrumentation response function of the streak camera. The model assumed the presence of three different energy

transfer time constants, fitted to be 20 ps, 110 ps and 1,100 ps, respectively.

in Fig. 3e. We observed an order of magnitude increase in the
effective absorption of QD at the J-aggregate absorption peak,
where 1) was determined to be about 22%. Thus we demonstrate
the potency of using an organic aggregate as the light-harvesting
antenna to significantly enlarge the absorption cross-section of
an inorganic semiconductor.

In examining the microscopics behind such pronounced
experimental effects, we first note that the contribution of
radiative energy transfer (through propagating photon emission
and subsequent absorption) should be practically negligible,
because the single-pass absorption through a monolayer of QD
in film II is only a fraction of a percent at the wavelength range
of interest. Among non-radiative energy transfer possibilities,
Dexter transfer through electron exchange!® is also unlikely. Our
experiments show no evidence of interlayer electronic crosstalk in
either J-aggregate or QD multilayer LBL films, which would have
been reflected in changes in exciton confinement energy and
radiative lifetime?. Hence, regarding our results in both hybrid
films I and II, we argue that near-field dipole—dipole coupling
between QD and J-aggregate subcomponents is the primary
mechanism for rapid excitonic energy transfer. The effect is
analogous to the Forster transfer process’' in purely molecular
systems, but it is occurring here between two highly dissimilar
electronic materials in a quasi-two-dimensional setting.
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We next calculate the excitation transfer rate and efficiency in a
classical model, describing a single-dipole type or J-aggregate type
of donor in the proximity of a thin acceptor layer??. Such a model
has been shown to be equivalent to the Forster formalism when
molecular donors and acceptors are considered. In the case of
hybrid film I (QD emitter and J-aggregate acceptor layer), we
assume the acceptor layer to be interacting only with the
polarization electric-field component oscillating in the plane of
the layer. This corresponds to the usual experimental situation
for one- and two-dimensional J-aggregates®?*. The energy
transfer rate can thus be written as I' = 750(dy/d)* in the
proximity field approximation. Here, I is the averaged energy
transfer rate from QDs to J-aggregates when the QD transition
dipole moment orientation is random; 7, is the PL decay time
constant of the QD in the absence of J-aggregate; d is the
separation between the centres of the QD and J-aggregate
layers; d, is the energy transfer characteristic length, defined
by (do)* = (4m)"*(3/2)°n *q® [A*AI(N)fPL(A) dA (ref. 22), in
which 7 is the index of refraction of the media (assumed to be
PDDA), A’(A) is the absorption spectrum of the J-aggregate
acceptor layer upon normal incidence, qRP is the quantum yield
of QD and fRP(A) is the normalized emission spectrum of QD.
As our measurements yielded values for n = 1.53 and g2 = 50%,
it follows that d,=17.2nm. Thus, by taking d=4.8nm
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Figure 3 Optical characterizations of hybrid film Il to explore resonance energy transfer from J-aggregate to QD. a, The emission spectrum of TDBC
J-aggregate (A, = 594 nm) (orange) spectrally overlaps with the QD absorption (blue), but the QD emission (purple) is centred at 653 nm. b, PL spectra of the
hybrid film Il (blue) and the QD control film (black). The excitation wavelengths were set to be at A, = 589 nm, the peak of J-band absorption. Contributions of the
QD emission (purple dashed line) and the J-aggregate emission (orange dashed line) to the PL of hybrid film Il are separated. The absorbance spectrum of hybrid film
Il is shown in the inset. ¢, The effective QD absorption spectrum (red), expressed as Abs’(A) x n(A) + Abs®®(A), was derived from the PLE spectrum shown in d.
The absorption spectra of hybrid film Il (blue) and the QD control film (black) were obtained by measuring both the transmission and reflection spectra of each film.
d, The raw PLE spectrum of hybrid film Il (red) and QD control (black) when detecting at the QD emission peak. e, J-aggregate to QD energy transfer efficiency n(A)
calculated using the data shown in ¢. The arrow indicates the peak of J-band absorption.

and 74, = 6.9 ns from the AFM and TCSPC measurements, I is
estimated to be 0.024 ps~!. Such a calculated result compares
reasonably well with the measured fast energy transfer rate in
film I given the uncertainty in determining actual d. As for
hybrid film II (J-aggregate emitter and QD acceptor layer),
simple analytical expression of energy transfer efficiency 7 is not
available. However, if we restrict our discussion to a linear
J-aggregate model where the exciton delocalization length I
satisfies /< A, and assume isotropic acceptor layers, we then
found n can be well described by an empirical formula as
n=[1+ (1 — a)(d/dy)?*+ a(d/d,)*] 1. Here, parameters « and
d, are determined numerically given the absorption of the QD
layer ARP, the quantum yield of J-aggregate ¢’, as well as n and L.
In particular, @ ~0 when /> d, and a~ 1 when [ < d,. Our
separate ultrafast frequency-resolved pump-probe spectroscopy
experiments®® on LBL-grown TDBC J-aggregate films show that
I typically measures as much as 16 monomer units (see
Supplementary Information, Fig. S1). Given ARP =0.19%,
¢ =22% from direct measurements, and assuming TDBC
aggregate unit cell length to be 1.3 nm (ref. 17), we find = 0.1
and d,= 4.4 nm (the presence of two acceptor layers has been
taken into account). With d = 6.8 nm from AFM measurement,
the overall energy transfer efficiency should thus be 1 =27%,
which is in reasonable agreement with the experimentally
measured value. The model points out that substantial
improvement of 7 should be achievable by optimizing both the
quantum yield of J-aggregate and the donor—acceptor spectral
overlap. Indeed, we recently demonstrated n=38% from
J-aggregate to QD through the implementation of a different
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type of J-aggregate with blueshifted emission at 470 nm (see
Supplementary Information, Figs S2, S3).

In summary, we have described the synthesis and performance
of a hybrid organic—inorganic nanoscale optical material that
combines semiconductor QDs and cyanine dye J-aggregates.
Highly efficient energy transfer has been demonstrated between
the two subcomponents. Moreover, the direction of the energy
flow can be controlled by tuning the spectral properties of the
QDs. The ability to activate intense near-field electromagnetic
interactions between two very different semiconductor species
presents an exciting opportunity for the construction and
optimization of new types of functional nanocomposites for
photonic applications. It also suggests the possibility of reaching
the strong coupling regime where the hybridization of Frenkel
and Wannier—Mott excitons has been proposed to lead to
attractive linear and nonlinear optical properties?.

METHODS

PREPARATION OF WATER-SOLUBLE ANIONIC QUANTUM DOTS

CdSe—ZnS core—shell structured QDs in decane (Molecular Probes) were water-
solubilized by surface ligand exchange with MUA. The process was carried out in
chloroform, which typically contains 0.5 pM QDs, 28 mM MUA and 41 mM
tetramethylammonium hydroxide (TMAH). Phase segregation occurred when
adding deionized water into the solution. MUA-capped QDs were transferred
into the water phase, forming a uniform dispersion. The aqueous QD dispersion
was extracted out. Excessive ligands were removed by purifying the particle
solution through centrifugal filters followed by dilution in deionized water

at least three times.
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The hybrid film was deposited in a dip-coating fashion by immersing a
thoroughly cleaned quartz plate into the aqueous solutions of each species
sequentially, in an order according to the film structure shown in Fig. 1a. The
concentrations and pH values of the solutions are as follows: QD, 50 nM, pH 8.0;
TDBC, 50 uM, pH 8.0; PDDA (molecular weight 400—500 K) 0.58 mM, NaCl
0.5 M, pH 7.0. The TDBC and PDDA solutions were sonicated for 30 min before
use. The immersion times were set to be 150 min, 15 min and 15 min for the QD,
TDBC and PDDA solutions, respectively, followed by a 1 min rinse in deionized
water. Care was taken throughout the deposition to shield the dye solution and
films from light. After deposition, the film on one side of the plate was removed
with methanol. The QD and J-aggregate control films were fabricated following a
similar procedure. Tapping-mode AFM (Explorer, Veeco) was used for surface
characterization of the LBL films. For QD-diameter measurement, test films with
low QD surface density were used.

OPTICAL AND SPECTROSCOPIC MEASUREMENTS
The transmission and reflection spectra of the films (near normal incidence)
were determined using a spectrophotometer (Cary 500i UV-Vis-NIR, Varian)
with a spectral bandwidth of 2 nm. The photoluminescence and
photoluminescence excitation spectra were collected with a fluorescence
spectrophotometer (Cary Eclipse, Varian). The spectral bandwidth was set to be
5 nm for both excitation and detection beams, which were tilted at 45° to the film
normal. The quantum yield (QY) of the MUA-capped QDs in aqueous
dispersion was obtained through absorption and PL measurements by
comparing with those in decane, for which the QY is known. The QY of the
J-aggregate film was derived using the QD control film as reference. The
refractive index of PDDA (spin-cast film) was measured with an ellipsometer
(AutoEL, Rudolph Research).

A custom-made time-correlated single photon counting (TCSPC) setup and
a synchroscan streak camera (C1587, Hamamatsu) was used for time-resolved
photoluminescence measurement. A frequency-doubled ultrafast Ti:Sapphire
laser (MIRA 900, Coherent) operating at 380 nm acted as the excitation source.
The laser pulse width was measured to be 120 fs. In TCSPC measurement, the
laser repetition rate was down-converted to 1.9 MHz by an acoustic optical
modulator. The optical detection system was composed of a monochromator
(SpectraPro, Acton Research) and a photon-counting microchannel plate
photomultiplier tube (R3809U-50, Hamamatsu). In the streak camera
measurement, the detected PL was filtered through 10-nm-wide bandpass filters
at 546 nm (Chroma) or 600 nm (CVI). The streak image was projected onto a
cryogenic cooled charge-coupled device (Princeton Instruments).
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