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Energy transfer from colloidal nanocrystals to
strongly absorbing perovskites†

Yasiel Cabrera,‡a Sara M. Rupich,‡a Ryan Shaw,b Benoy Anand,b

Manuel de Anda Villa,b Rezwanur Rahman,a Aaron Dangerfield,a Yuri N. Gartstein,b

Anton V. Malkob and Yves J. Chabal *a

Integration of colloidal nanocrystal quantum dots (NQDs) with strongly absorbing semiconductors offers

the possibility of developing optoelectronic and photonic devices with new functionalities. We examine

the process of energy transfer (ET) from photoactive CdSe/ZnS core/shell NQDs into lead-halide perovs-

kite polycrystalline films as a function of distance from the perovskite surface using time-resolved photo-

luminescence (TRPL) spectroscopy. We demonstrate near-field electromagnetic coupling between vastly

dissimilar excitation in two materials that can reach an efficiency of 99% at room temperature. Our experi-

mental results, combined with electrodynamics modeling, reveal the leading role of non-radiative ET at

close distances, augmented by the waveguide emission coupling and light reabsorption at separations

>10 nm. These results open the way to combining materials with different dimensionalities to achieve

novel nanoscale architectures with improved photovoltaic and light emitting functionalities.

Introduction

Combining organic and inorganic semiconductors at the
nanoscale offers attractive opportunities to develop novel opto-
electronics and photonic architectures that may be used to
judiciously explore the advantages of both classes of materials.
Among various schemes to manipulate excitation in such
hybrid structures, the concept of the excitonic energy transfer
(ET) has been gaining research attention. First proposed by
Agranovich and co-workers1 for semiconductor quantum well/
organic overlayer hybrids, this concept has been demonstrated
in a variety of geometries, including between nanocrystal
quantum dots (NQDs) and semiconductor, organic, or two-
dimensional (2D) materials.2–11 Several recent reviews have
described the applications of energy transfer schemes for
various optoelectronics applications including photovoltaics
(PVs), light-emitting diodes (LEDs) and sensors.12–16

At the same time, the emergence of strongly absorbing
organometallic halide perovskite materials has occurred.
These materials are characterized by strong broadband absorp-
tion, long charge carrier diffusion lengths, and low processing

costs. They are therefore widely used for PV applications,17–19

but are also relevant for LEDs, tunable nanolasers, photo-
detectors and thin film transistors.5,20–24 The strong light–
matter interactions found in perovskites make them attractive
for energy coupling with other optically active subsystems,
including the coherent interaction between tightly confined
(Frenkel) excitons found in quantum-confined NQDs and
weakly confined (Wannier-Mott) excitons characteristic of bulk
semiconductors.16 Surprisingly, there has not been any
attempt to detect exciton flow via near-field electromagnetic
interactions in NQD/perovskite hybrids to date, despite the
importance of this process.

In this paper, we investigate (incoherent) near-field electro-
magnetic energy transfer between core–shell CdSe/ZnS NQDs
and strongly absorbing polycrystalline methylammonium lead
halide (CH3NH3PbI3) perovskites. We employ atomic layer
deposition (ALD) to deposit thin Al2O3 layers on top of perovs-
kite thin films as inert spacers of controllable thickness. We
bring to bear extensive characterization of the perovskite films
to monitor their integrity and measure ET rates in NQD/
perovskite hybrids as a function of the NQD’s distance from
the perovskite layer. We show, via time-resolved (TR) photo-
luminescence (PL) spectroscopy, a greater than 20-fold accel-
eration of the NQD donor’s PL decay in hybrid samples
compared to the reference NQD/glass sample. Combined with
detailed electromagnetic modeling, our results show that the
efficiency of non-radiative energy transfer (NRET) can
approach >99% for a hybrid system where the NQDs are
located directly on the perovskite layer. This is the highest
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NRET efficiency reported in the literature for any type of semi-
conductor acceptor material. When the total separation
between NQD and perovskite is ∼15 nm (measured from the
center of the NQD to the perovskite surface), an ET efficiency
of ∼65% is observed due to the combined effects of non-radia-
tive ET and radiative waveguide coupling. Such high ET
efficiencies and large effective interaction distances establish
perovskites as exceptional energy accepting materials, suitable
for the implementation of exciton and multiexciton25 harvest-
ing from optically thick NQD solids into technologically rele-
vant PV materials.

Experimental
Materials

Cadmium oxide (99.99%), 1-octadecene (90%), octadecylamine
(97%), oleic acid (90%), selenium (99.999%), sulfur (99.998%),
trioctylphosphine oxide (99%), zinc oxide (99.99%), hydroiodic
acid (HI, 57 wt% in H2O), methylamine (33% in ethanol),
diethyl ether (anhydrous, 99.0%), ethanol (200 proof), lead
iodide (PbI2, 99.999%), N,N-dimethylformamide (DMF),
trimethylaluminum (TMA), and sulfuric acid (95%) were pur-
chased from Sigma-Aldrich. Poly(methyl)methacrylate (PMMA,
MW = 950 000 g mol−1, 2% in aniline) was purchased from
Microchem. Hydrogen peroxide (30%) was purchased from JT
Baker. Octadecylphosphonic acid (99%) was from PCI Synthesis
and trioctylphosphine (TOP, 97%) from Strem. Solvents were
purchased from Fisher. Nanopure deionized water (dH2O, ρ =
18 MΩ cm) was obtained via a Millipore system.

Methylammonium lead iodide (CH3NH3PbI3) perovskite thin
films

Methylammonium iodide (CH3NH3I) was synthesized accord-
ing to literature procedures.26,27 In brief, HI (10 mL) was
added to a solution of methylamine (24 mL) at 0 °C and
stirred for 2 h. The white precipitate was isolated by vacuum
filtration, washed with diethyl ether and purified (2×) by recrys-
tallization in ethanol. CH3NH3PbI3 films were prepared using
a vapor-assisted solution process (VASP) in a N2-purged glove-
box. First, PbI2 (200 mg mL−1 in DMF) was spun-cast (60 s at
1.5 krpm) onto piranha cleaned glass coverslips (18 × 18 mm).
The films were dried on a hot plate at 150 °C for 15 min and
then treated with CH3NH3I vapor based on a modified VASP.28

In brief, the sample was suspended 2 cm above the CH3NH3I
powder as shown schematically in Fig. S1.† Both the powder
and the sample were heated to 160 °C for 90 min. Upon com-
pletion, the samples were cut in half for further passivation
and characterization. Samples were either used as is or coated
with PMMA or Al2O3 to enhance air stability. PMMA was spun-
cast (60 s at 2 krpm) on the perovskites and the samples were
dried on a hot plate at 80 °C for 2 min.

Atomic layer deposition of Al2O3

Al2O3 layers were deposited at 80 °C using TMA and DI-H2O on
a Cambridge Nanotech Savannah 100 system. The films were

first dosed with 10 pulses of TMA followed by full cycles of
TMA and H2O pulses until the desired thickness was achieved
(70 cycles for 5–6 nm films, and 160 cycles for 11.5 nm films).
For longer depositions, the precursors had a pulse time of
0.015 s and a purge time of 40 s, while for the shorter pro-
cesses a 30 s purge time was used. The chamber pressure was
kept at ∼0.5 Torr with a constant N2 flow of 20 sccm. All depo-
sitions occurred on perovskite films as well as on a reference
silicon substrate for thickness calibration. Additionally, ALD
was carried out in a home-built reactor for in situ analysis as
described in the ESI.†

NQD synthesis and deposition

CdSe NQDs were prepared based on literature methods with a
minor modification: the injected volume of TOP was
doubled.29 Core–shell NQDs, 2 CdS and 4 ZnS shells were pre-
pared according to the SILAR technique.30,31 NQD layers were
deposited by spin-casting (2.5 mg mL−1 in toluene, 60 s at
2 krpm) in a N2-purged glovebox on various substrates including
glass slides, Al2O3 passivated perovskites and bare perovskites.

Characterization techniques

X-ray diffraction (XRD) spectra were recorded using 2θ/ω scans
on a Rigaku Ultima III X-ray diffractometer system with a Cu-
Kα source (λ = 0.154 nm) at 44 kV and 40 mA. AFM images
were collected on a Veeco Digital Instrument Nanoscope
Dimension 3100 in tapping mode. Root-mean-square rough-
ness and film thickness were determined using Gwyddion soft-
ware. UV-Vis absorbance measurements were collected in
transmission mode using an Agilent Cary 5000 UV-Vis-NIR
spectrometer. Ellipsometry measurements were taken with a
Horiba Jobin UVISEL ellipsometer and the data were fit in
DeltaPsi2 software. Fourier Transform Infrared (FTIR)
measurements were performed in transmission at Brewster’s
angle (∼70°) in a Thermo Nicolet 6700 spectrometer equipped
with a MCT-B detector. X-ray photoemission spectroscopy
(XPS) was performed on a Quantum 2000 Scanning ESCA
microprobe spectrometer (Physical Electronics) equipped with
a monochromatic Al Kα1,2-radiation source and a concentric
hemispherical analyzer under ultrahigh vacuum conditions
(10−9 mbar). PL measurements were carried out using a micro-
scope-based time-resolved PL system based on an Olympus
IX71 inverted microscope. Samples were excited at 405 nm
(300 fs) generated by frequency-doubling the output of a Ti:
Sapphire pulsed laser (MIRA 900F) focused on the sample
surface using a NA = 0.9 objective. The emission, collected
using the same objective, was passed through a spectrometer
to a silicon avalanche photodiode (MicroPhotonDevices). TRPL
was measured using time-correlated single photon counting
(PicoQuant 300 GmbH).

Results and discussion

A schematic of the physical system (NQDs, perovskite film and
glass substrate) is shown in Fig. 1(a). To study ET from NQDs
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to the perovskite film, sufficient spectral overlap between the
NQD emission and perovskite absorption is needed. Fig. 1(b)
shows the PL emission spectrum of the NQD films on glass
and the UV-vis absorbance spectra of the lead halide perovs-
kite. The NQDs have a sharp and fairly narrow emission,
peaking at ∼590 nm, which overlaps with the strong, broad
band absorption of the CH3NH3PbI3 perovskite film. Therefore
energy transfer is possible.

To prepare the hybrid samples, the perovskite was syn-
thesized using a modified VASP method at 160 °C for 90 min,
which resulted in the formation of an orthorhombic crystal
structure as seen in Fig. 2(a). Then, a solution of oleic acid
capped CdSe/ZnS NQDs was spun-cast onto either a bare per-
ovskite film or an Al2O3 encapsulated perovskite film.

Additionally, NQDs deposited on a glass coverslip were used as
a reference sample. The total distance between the center of
the NQDs and perovskite is controlled by the thickness (t ) of
the Al2O3 spacer layer (0 nm, no Al2O3, to ∼5–6 and 11.5 nm
with Al2O3). The diameter of the NQDs (total diameter of
∼7–8 nm including the ligand shell) is determined from TEM
(Fig. S2†) while the thickness of the Al2O3 layer is calculated
from IR absorption measurements of the TO and LO phonons
of Al2O3, calibrated by ellipsometry on reference silicon
substrates.

As perovskites are highly sensitive to the environment, in
particular to water, their synthesis and subsequent processing
is delicate, requiring thorough characterization to ensure that
their integrity is not degraded. These issues become important
when the methods used to deposit NQDs at specific distances
from the substrate involve processes that could alter the
perovskite film. Ideally, we would like to control the distance
between the perovskite and the NQDs by using a spacer layer
that does not damage the perovskite’s integrity, is not
miscible with the NQD solution (i.e., must be deposited from
orthogonal solvents), protects the perovskite during sub-
sequent wet-chemical treatments, and is optically transparent
over the region of interest. In this respect, PMMA is not appro-
priate as it is miscible with the NQDs and thus the thickness
cannot be controlled. Instead, deposition of a metal oxide
(Al2O3) spacer layer via ALD appears best for these require-
ments because ALD is a low temperature process that is usually
gentle with the substrate. In fact, Al2O3 encapsulation of perovs-
kite films by ALD has been shown to increase air stability as
well as photovoltaic performance.32–36 However, depositions
must be done with care to prevent back-conversion of the per-
ovskite to PbI2. While some groups found that standard depo-
sition procedures with TMA and O3 or H2O work at low temp-
eratures,33,36 others found that non-hydrolytic processes are
needed to maintain the integrity of the perovskite.32

We have therefore explored ALD of Al2O3 on perovskite
films in detail. We find that using standard TMA/H2O cycles at
80 °C results in complete back-conversion to PbI2 (Fig. S3(a)†).
However, if the surface was first dosed with 10 pulses of TMA
before full TMA/H2O cycles were performed, the integrity of
the sample is preserved. In the later case, only minor PbI2 for-
mation is observed as shown in Fig. S3(b),† which is tentatively
attributed to a temperature effect (i.e. time spent at elevated
temperature) during the Al2O3 growth.

37,38 This hypothesis was
checked experimentally using in situ FTIR spectroscopy.
Fig. S4† clearly shows changes in the perovskite absorption as
a function of time spent at 80 °C; however, the changes are
relatively small on the time scales (<2 h) needed for the com-
mercial ALD reactor used to deposit the spacer layer.
Importantly, UV-visible absorption of the perovskite film
remains essentially unchanged (Fig. 2(b)). Since the absorption
of the acceptor is the critical factor for energy transfer, not the
PL, the small decrease of PL lifetime upon Al2O3 growth
(Fig. S5†) will not affect the analysis of the data or the validity
of the study. For example, Si has a poor PL QY; however it is an
efficient energy acceptor.6–8

Fig. 1 (a) Schematic of the hybrid structure showing the energy transfer
from the NQDs to the perovskite layer. Thickness (t ) of the Al2O3 spacer
layer is varied from 0 nm, no oxide, to ∼11.5 nm. A single layer of NQDs
was spun-cast on the ∼160 nm thick perovskite film supported on a
glass coverslip. ET into the perovskite was measured by TRPL spectro-
scopy. ET occurs through both NRET and RET. (b) UV-visible absorbance
of the CH3NH3PbI3 perovskite film on glass as well as the PL emission of
a monolayer of close-packed CdSe/ZnS NQDs spun-cast on glass.
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The growth of Al2O3 on the perovskite is verified by the
appearance of the Al2O3 TO/LO phonon modes via in situ FTIR
spectroscopy (Fig. S6†) and the Al peak via ex situ XPS
(Fig. S7†). The analysis of the Al2O3 TO/LO modes on both per-
ovskite and silicon with native oxide reveals that the Al2O3 film
grows at the same rate on both surfaces. The average thickness
can therefore be determined from ellipsometry measurements
on reference silicon samples, and carried over for films grown
on perovskite samples where ALD was done in the same
chamber and at the same time as on reference Si samples
(Fig. S6†). We find that Al2O3 spacer layers of 5.1 ± 0.2 nm and
11.5 ± 0.4 nm are obtained for films grown from 70 and 160
cycles, respectively. Due to the textured surface of the perovs-
kite (Fig. S7(b)†), this is an estimate of the average thickness
over the sample.

Hybrid NQD/perovskite samples were prepared by deposit-
ing NQDs on the surface of the perovskite, either bare or Al2O3

passivated. Among the many possible methods for depositing
NQDs on substrates,6,12,39–42 we select spin-casting of colloidal
NQDs in toluene in this case in order to obtain uniform and
controllable coverage without damaging the perovskite. By con-
trolling the concentration, close to a monolayer of close-
packed NQDs was deposited as determined from AFM of
NQDs spun-cast on a reference flat substrate (Fig. S8(a)†).

To assess the energy transfer from the NQDs into the per-
ovskite films, the hybrid samples were characterized via TRPL
decay measurements as a function of Al2O3 spacer thicknesses.
While PL monitoring is commonly used in studies of Forster-
type ET involving point-to-point interaction of molecular enti-
ties, its application in layered systems is subject to many con-
straints. The absolute value of the PL intensity in a μPL system
is affected by the specifics of excitation and collection geome-
tries due to non-uniform sample coverage, interference in
multilayered structures and directionality of the radiative emis-
sion patterns. PL dynamics, on the other hand, provide direct
insight into the relaxation pathways present in the hybrid

samples, irrespective of the above influences.6,12,43 In our case,
the detected PL intensity is low due to both substantial ET in
the NQD/perovskite hybrids and the relatively low number of
NQD donors. To overcome this difficulty, a microscope based
TRPL system (μPL) was employed, which allows for tight light
focusing and collection.

Due to the close-packed nature of the NQD monolayers,
spectral diffusion between neighboring NQDs is present; there-
fore, the lifetime of the NQDs is measured on the red side of
the emission spectrum which is not affected (Fig. S9†).12 To
assess the contribution of radiative and non-radiative ET, the
PL lifetime of the donor NQDs (measured at ∼605 nm) in
hybrid samples with different Al2O3 spacer thicknesses (0 nm,
5–6 nm and 11.5 nm) is compared to that of NQD monolayers
on glass as shown in Fig. 3(a). The NQD PL dynamics in the
hybrids differ, with the fastest lifetimes on bare perovskites.
To improve accuracy, several samples of each kind were pre-
pared, resulting in 5–30 PL lifetime measurements for each
spatial separation. The representative traces in Fig. 3(a) are all
fit to monoexponential decays, with the statistical average of
NQD PL lifetimes on bare perovskite yielding τbare ∼ 1 ns; on
5–6 nm Al2O3 spacer, τ5 nm ∼ 4 ns; on 11.5 nm Al2O3 spacer,
τ11 nm ∼ 9 ns, and for reference NQDs on glass, τNQD ∼ 21 ns.
The statistical distribution of the experimentally measured PL
decay rates is reflected in the error bars as shown in Fig. 3(b).
From the measured PL lifetimes, the calculated acceleration of
the NQD decay rates in the hybrids, Γ/Γglass (where Γ = 1/τ), as
compared to decays on glass is computed for the three spacer
thicknesses and are shown as black dots in Fig. 3(b).

The experimental data can be rationalized with the help of
the well-known macroscopic electrodynamics framework44,45

developed to describe the effect of stratified substrates on the
electromagnetic decay of electric-dipole emitters. This frame-
work was successfully applied to a variety of systems, including
in our earlier studies of ET from NQDs to silicon and 2D
semiconductors.6,11,46,47 As a result of the electromagnetic

Fig. 2 (a) X-ray diffraction pattern of a CH3NH3PbI3 perovskite prepared at 160 °C for 90 min. The main phases are labeled. (b) UV-visible absor-
bance of the lead halide perovskite before and after Al2O3 growth.
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interaction with the substrate, the spontaneous vacuum (air)
decay rate Γ0 of the randomly oriented emitter is modified to
Γid as follows:

Γ id=Γ0 ¼ 1þ Fð0;1Þ; ð1Þ

Fða; bÞ ¼Re
ðb
a

sds

2
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� s2

p ð2s2 � 1ÞrðpÞðsÞ þ rðsÞðsÞ
h i

� expð2ik0z
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� s2

p
Þ:

ð2Þ

In eqn (2), the parameters are the vacuum wavenumber k0,
the electric-dipole (center of NQD) distance, z, to the substrate
and variable s = k∥/k0, the ratio of the conserved in-plane wave-
vector component, k∥, and k0. Eqn (1) describes all radiative
and non-radiative processes that are due to the substrate
properties encompassed in the reflection amplitudes, r(p) and
r(s), for p- and s-polarized waves.45 With these equations, one
can compute the decay rate of the NQD emitter on the pure
glass substrate, Γid

glass, as well as the decay rate, Γid, on our
layered structure: Al2O3 spacer/perovskite slab/glass. The
resulting decay acceleration ratio, Γid/Γid

glass, is shown in
Fig. 3(b) by dashed lines as a function of the spacer thickness
for two values of the NQD distance, z, to the top surface of the
structure. The optical properties (at 606 nm) of the structure
materials employed in the computation are as follows: glass
refraction index, nglass = 1.5, spacer refraction index, nspacer =
1.77, and complex-valued dielectric function of the perovs-
kite48 slab εs = 7.02 + i1.31. For proper comparison with experi-
ments, one also needs to take into account “local” non-radia-
tive decay46 processes (rate Γnr), such as those leading to the
less than perfect emission quantum yield (QY) or caused by
spectral diffusion: these processes add to the “ideal” decay
rates in eqn (1). The observed decay rate on glass becomes
Γglass = Γid

glass + Γnr, and we quantify additional non-radiative
processes using the generalized QY for the decay on the

glass substrate via Γnr = Γid
glass(1 − QY)/QY. In our earlier

experiments46 with similar NQDs, we established a NQD QY in
solution of ∼55%, which reduces slightly to QY ∼ 45–50%
upon deposition on glass. The solid lines in Fig. 3(b) show the
expected acceleration ratio, Γ/Γglass, if QY = 45% is used in the
computations. The resulting modelling curves are in good
agreement with the experimentally observed trend. The com-
putational results are very sensitive to the separation distance
at small spacer thicknesses, and it is understandable that the
no-spacer experimental point is better represented by a some-
what larger z = 5 nm curve – the theoretical model assumes
ideal planar material slabs while the actual perovskite surface
features variations from planarity (Fig. S8(b)†).

The overall good agreement of the experimental data with
the computational results provides evidence supporting ET
from the NQDs into the perovskite layer as the mechanism for
the observed PL lifetime quenching. By the same token, the
charge transfer mechanism must then be excluded as a notice-
able contributor. Charge transfer is facilitated by the overlap
of the electronic wave-functions and depends exponentially on
angstrom-size distances. The observed nanometer scale dis-
tance dependence on the PL lifetime clearly advocates for
energy, and not charge, transfer mechanisms. Any substantial
contribution from charge transfer would lead to a faster accel-
eration decay for NQDs placed directly on the perovskite layer
than was observed.

While quantitatively explaining the experimentally
measured data, the same theoretical model can provide further
insight into the role of (and opportunities for) various processes
that realize ET from NQDs into the underlying semiconductor
layer. Fig. 4 illustrates those as affected by the dielectric func-
tion εs = ε′s + iε″s of the energy acceptor slab and shows a com-
parison of the results for perovskite (εs = 7.02 + i1.31)48 and
silicon (εs = 15.44 + i0.15)49 slabs in the same geometrical struc-
ture. The overall electromagnetic decay rate, given in eqn (1),

Fig. 3 (a) NQD PL decay times for hybrids with different Al2O3 spacer thicknesses (t = 0, 5–6, 11.5 nm) on the perovskite as well as on a glass slide
as a reference. All lifetimes were measured on the red side of the NQD emission spectrum (∼605 nm). PL lifetimes (τ) were determined from mono-
exponential fits to the data, shown as red lines. (b) Calculated sets of enhancement ratios as a function of the Al2O3 spacer thickness for two
different representative NQD-to-surface distances, z = 4 nm (red) and z = 5 nm (blue) and for two values of the NQD QY, idealistic 100% (dashed
lines) and more realistic, QY = 45% (solid lines). Black dots – experimental values extracted from the PL lifetime measurements, error bars – statisti-
cal standard deviation. The perovskite slab thickness used in the computations is 160 nm.
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includes decay into photons that are emitted into air (rate Γ↑)
and into the bottom glass substrate (rate Γ↓). Those decay chan-
nels need to be deducted from the measured rate:

Γid
ET ¼ Γ id � Γ" � Γ#; ð3Þ

to obtain the total ET rate that includes all contributions to
energy transfer into the semiconductor slab. The calculations
of Γ↑ and Γ↓ are described in ref. 45 and detailed in our earlier
work.11 Fig. 4 shows (solid lines) the resulting fraction Γid

ET/Γ
id

due to ET, thereby constituting the ideal efficiency of ET for
the given structure configuration. This ideal efficiency would
be reduced if the QY is less than 100%. Further distinctions
can be made by assessing contributions represented by eqn (2)
for different ranges of the in-plane wave vectors. In particular,
Fð ffiffiffiffiffi

ε′s
p

;1Þ corresponds to the range of wave vectors, where no
propagating waves can exist, it thus describes
NRET.6–8,12,43,46,47 On the other hand, Fðnglass;

ffiffiffiffiffi
ε′s

p Þ corres-
ponds to the range of wave vectors, where wave propagation
can occur only within the slab, it therefore describes ET via
emission of wave-guiding (WG) modes. The resulting fractions:
Γid
NRET/Γ

id and Γid
WG/Γ

id are shown in Fig. 4 by dashed and
short-dashed lines, respectively. It should be noted that for
strongly absorbing medium, the boundaries between the
different regions are somewhat blurred but are still representa-
tive. Fig. 4(a) and (b) demonstrate the stark difference between
the roles of different contributions to ET that takes place for
the perovskite and silicon layers at 606 nm. While the WG
channel dominates over NRET in silicon beginning at very thin
spacers, the strong absorption in the perovskite retains NRET
as dominant for spacers up to ∼15 nm. For the same reason of
large ε″s, the overall ET into the perovskite is also effected by
the absorption of “ordinary” photons emitted by NQDs that
would propagate in the whole space experiencing refraction at

the interfaces of the structure under consideration. This
contribution is clearly seen in Fig. 4(a) for the thickest spacers
(Γid

ET > Γid
NRET + Γid

WG) and becomes smaller for thinner slabs
(compare the results for 160 nm and 80 nm thick perovskite
slabs).

Very high NRET rates lead to extremely high efficiencies of
ET into the perovskite material even for appreciably thick
spacers. To exemplify these rates for the three spacers used in
the experimental work, the modelling results derived for z =
4 nm (z = 5 nm) separation and a wavelength of 606 nm yield
ideal ET efficiencies of 99.5% (99.1%), 95.4% (94.2%) and
89.3% (88.1%) for the spacers of 0, 5–6, and 11.5 nm thick-
nesses, respectively. For the NQD with QY = 45% on glass,
those ET efficiency values reduce to 98.1% (96.5%), 84.2%
(80.1%) and 68.7% (65.9%) respectively. It should be empha-
sized that efficient ET greatly increases the extraction of exci-
tons from NQDs as ET into the acceptor semiconductor occurs
faster than parasitic local non-radiative processes. The extre-
mely high ET efficiency numbers derived above, along with the
strong absorption in the broad spectral region clearly qualify
the perovskites as exceptional energy accepting materials.

Conclusions

We have described the chemical preparation, materials charac-
terization and optical performance of hybrid NQD/Al2O3/
perovskite layered nanoscale materials. ALD-grown Al2O3

spacers have been used to modulate the strength of the near-
field electromagnetic interactions between the components.
Using TRPL spectroscopy, we find a 20-fold acceleration of the
PL lifetime for NQDs placed on perovskites, indicative of
strong ET. Combined with electrodynamics modeling, the
results confirm highly efficient non-radiative energy transfer,

Fig. 4 Relative contributions to the electromagnetic decay rate, eqn (1), of the randomly oriented NQD emitter on the top of the spacer/energy
acceptor slab/glass structures for z = 4 nm and wavelength of 606 nm: total ET into the absorbing slab (solid curves), non-radiative ET (NRET,
dashed curves) and the emission of waveguiding photonic modes (short-dashed curves). Red curves are for the slab thickness of 160 nm and blue
curves for the thickness of 80 nm. (a) Computational results for the perovskite acceptor slab with εs = 7.02 + i1.31 and (b) for the silicon acceptor
slab with εs = 15.44 + i0.15.
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the efficiency of which can reach 99%. For large NQD-to-per-
ovskite separation (∼15 nm), a combination of NRET and wave-
guide coupling retains the efficiency at ∼65%, underscoring a
strong light–matter interaction with perovskite materials. The
ability to achieve strong near-field electromagnetic interactions
between dissimilar semiconductor materials presents an excit-
ing opportunity for developing new types of functional nano-
materials for photonic applications. Such schemes are
especially promising for efficient multiexciton harvesting from
NQD solids,25 potentially augmenting the performance of the
perovskite solar cells above the Shockley–Queisser limit. It also
opens the opportunity to possibly reach the strong coupling
limit, for which the hybridization of Frenkel and Wannier-
Mott excitons was envisioned to lead to enhanced non-linear
properties.16,50
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