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Abstract: This study explores the mechanisms of long-range energy transfer (EnT) from a self-
assembled film of CdSe/ZnS core-shell quantum dots (QDs) to black phosphorus (BP) nanoflakes
through an AlOx encapsulation layer of variable thickness. The dependence of the EnT rate on
donor-acceptor distance, d, scales as ~d~%3, which is shallower than the theoretical scaling of
~d~3 for Forster-type EnT from a zero-dimensional (0D) donor to a three-dimensional (3D)
acceptor. Electrodynamic simulations reveal that the efficient long-range EnT is attributable to the
high areal concentration of the QD film, which results in scattering of a donor QD’s dipole field
by neighboring QDs, thereby effectively increasing the area over which the donor and acceptor
couple. The demonstration of efficient photosensitization of BP through a passivating dielectric
layer is important for the development of high-performance optoelectronic devices based on

ambient-reactive layered semiconductors.
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Black phosphorous (BP) is a promising layered two-dimensional (2D) semiconductor for
optoelectronic applications due to high carrier mobility (>10? cm/Vs at room temperature) and
direct bandgap at all thicknesses ranging from near-infrared to mid-infrared wavelengths.!?
However, BP shows dramatic chemical reactivity upon exposure to ambient conditions, such as
air, light, and water,*> and therefore, facile and scalable encapsulation schemes, such as atomic
layer deposition of alumina (AlOx), are required for long-term stability necessary for practical
applications.*> In general, these encapsulation layers are considered extraneous and do not
participate in the operating mechanism of the devices. Given notable electron and hole mobilities,
one promising application of BP enabled by its encapsulation is as a charge transport layer in
photodetectors.® While BP is not a strong absorber itself (absorption cross-sections of 10716 cm? at
515 nm),” which limits its responsivity in photodetector applications,®’ performance of these
devices can be improved by photosensitizing BP by another light-absorbing material. In this
scenario, energy must be subsequently transferred from the photosensitizer to the BP, through the
encapsulation layer.'“!! Such energy transfer (EnT) must be accomplished in high yield over
several nanometers, since, for instance, a minimum of 3 nm of AlOx is required for indefinite
chemical stability of BP.* For this purpose, Férster-type EnT is a viable sensitization strategy
because it occurs through near-field electromagnetic coupling and has been observed to occur at
yields of >50% even when donor-acceptor distances are 35 nm.'>!3 This long-range mechanism
stands in contrast with charge transfer, which has proved effective in using semiconductor
quantum dots (QDs) to photosensitize ambient-stable 2D materials such as graphene.'*

In the point-dipole implementation of Forster theory, which is only appropriate for describing
systems with zero-dimensional (0D) donors and acceptors, the rate and yield of EnT scales with
the donor-acceptor distance, d, as ~d~¢.!%!> Modifications to this simple model must be made in
studies of systems with higher dimensionality, where, experimentally, scalings of ~d~* in 0D
donor-2D acceptor systems'®!” and ~d~2 in 2D-2D systems'? have been observed. Other studies
have found that parameters such as the thickness of a 3D acceptor can perturb the distance
dependence of EnT.'®!° Clearly, the magnitude of the electromagnetic coupling that mediates EnT
is sensitive to many structural and electronic parameters of the donor-acceptor system; so, to
maximize the yield of photosensitization, we must characterize the distance-dependence of
Forster-type EnT for each system of interest, and develop models to link that distance dependence

to as many parameters as possible.



Here, we photosensitize multilayer BP with 0D semiconductor QDs, which have large
absorbance cross-sections and high photoluminescence quantum yields. QDs are common choices
for photosensitizing 2D materials, but these studies have been so far been limited to materials that

d.131728  Our mixed-dimensional

are stable in ambient conditions and therefore unencapsulate
system comprises a monolayer film of close-packed CdSe/ZnS QDs deposited on AlOx-
encapsulated BP nanoflakes. By varying the thickness of the AlOx layer between 3 and 20 nm, we
determine that the rate of EnT scales as ~d ™23, and the Forster radius, where the probability of
EnT from QD to the BP equals the probability of QD exciton decay, is 11 nm. Finite difference
time domain (FDTD) simulations of the electrodynamic interactions within our system allow us to
attribute this shallow distance dependence and large Forster radius to i) the 3D nature of the BP
acceptor (at a thickness of 20-30 nm, the flakes are electronically bulk-like),® and ii) the pseudo-
2D nature of the close-packed monolayer of QDs, which enables electrodynamic interactions

within the donor sheet,

in contrast with prior studies that used isolated single particles or more
dilute films of QD donors.'®1921:222430 Thyg our study provides a general strategy for long-range
photosensitization of ambient-reactive materials through their encapsulation layers that is
translatable to a wide variety of photosensitizers and 2D charge transport layers.

Figure 1a shows a schematic diagram of our system. We synthesized CdSe/ZnS QDs with an
average diameter of 4.7 = 0.7 nm and peak emission wavelength of 530 nm using reported
procedures, see the Supporting Information (“SI”).>!*> We obtained isolated BP flakes through
micromechanical exfoliation from commercial crystals onto 300-nm SiO2/Si substrates, and
encapsulated the BP flakes with atomic layer deposition (ALD) of AlOx with thicknesses between
3 nm and 20 nm.**? Unencapsulated BP degrades within minutes of exposure to air due to reactions
with ambient oxygen and water,** but we observe no signs of degradation in air after four weeks
of encapsulation, consistent with previous reports (see the SI).* We deposited a close-packed
monolayer film of the QDs self-assembled at the liquid-air interface onto the surfaces of the AlOx-
coated BP flakes using a method described in the SI and elsewhere.>> This method produces a
densely covered substrate, as seen in the fluorescence lifetime imaging microscope (FLIM) image,

Figure 1b, and equal coverage on and off the BP flakes, as measured by atomic force microscopy

(AFM, see the SI).
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Figure 1. (a) Schematic of QD/AlOx/BP
system, not to scale. (b) FLIM map of a QD
monolayer film deposited on 3 nm of ALD-
grown AlOx on exfoliated BP, on an Si/SiO2
substrate. The top grayscale bar (black to
white) indicates the intensity of the PL in the
FLIM map. The bottom color bar (blue to
red) indicates the average lifetime of the PL
in the FLIM map. Inset: Optical image of the
same arca, with the same scale bar. (c¢)
Ground-state  absorbance spectrum  of
exfoliated BP on glass (black) and emission
spectrum of CdSe/ZnS QDs (green). The y-
axis has arbitrary units as the graph is
intended to show overlap of the two spectra.
The discontinuity in the absorbance at ~625
nm is due to a grating change in the
spectrometer.

The FLIM map, Figure 1b, also confirms
that deposition of the QDs on the BP flake
quenches their photoluminescence (PL). This
result indicates that BP introduces a competitive
nonradiative decay process for excitons in the
QDs. Although we cannot monitor the PL of the
acceptor (BP) because its emission is in the mid-
infrared spectral region and outside the range of
our detector, we provide experimental evidence
supporting Forster-type EnT such as (i) the
spectral overlap of the emission of the QDs and
the broad absorbance of BP, Figure 1c, and (ii)
the > 6 nm insulating barrier (comprised of a ~1-
nm ZnS shell, ~2-nm oleate/octadecylamine
ligand shell, and >3-nm AIOx layer), which
prohibits electron transfer from the conduction
band of photoexcited CdSe QDs to the
conduction band (CB) of BP, even though it is
energetically allowed.*® Dexter-type EnT, a
semi-concerted transfer of both electron and
hole, is eliminated for the same reason.

Time-resolved PL (TRPL) traces, Figure
2a, extracted from FLIM maps like that shown
in Figure 1b show that the lifetime of the QD
exciton increases monotonically as the distance
between QD and BP increases, as controlled by
the thickness of AlOx encapsulation. Figure 2b
is a plot of the amplitude-averaged lifetime of
the QD exciton, calculated from multi-
exponential fits of the traces in Figure 2a, as a
(QD-BP)

function of the donor-acceptor



distance, which includes the 2.5-nm radius of the QD (see TEM images in the SI), the estimated
2.4-nm length of the oleate/octadecylamine ligands on the QD surfaces, and the >3-nm AlOx
encapsulation layer on BP. Without underlying BP, the amplitude-averaged PL lifetime, tex,0, of
the QDs deposited on AlOx is 10.4 ns. In presence of BP encapsulated by 3-nm AlOx, the average
PL lifetime of the QDs, tex, decreases to 3.7 ns. With increasing thickness of AlOx, the PL lifetime
increases, eventually reaching 9.7 ns for a 20-nm-thick AlOx layer (the thickest layer in this study),

which is within 8% of the lifetime measured in the absence of BP, Figures 2a,b.
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Figure 2. (a) Decay of the PL of the QDs deposited on BP with time after excitation, for A1Ox
spacer layers of varying thickness; the legend shows the corresponding total donor-acceptor
distances. “Native QD” corresponds to QDs deposited on AlOx without underlying BP. These
kinetic traces are averaged across three to five measurements at separate locations on the BP
flakes for each AlOx thickness; see the SI for error analysis. (b) Amplitude-averaged excitonic
lifetime determined from bi-exponential fits of the traces in (a), see the SI, as a function of
donor-acceptor distance. The dashed line is the native QD lifetime. (¢) Experimental EnT
efficiency, defined by eq 2 of the main text, as a function of donor-acceptor distance, fit with
nonlinear regression (black). Simulations of this quantity with (red) and without (blue) QD
interactions (scattering and absorption of the electric field from photoexcited QDs by the
surrounding QDs).



We calculate the EnT rate as in eq 1, assuming
1 1

(1)

that EnT is the sole non-radiative process that accelerates exciton decay in the presence of BP,*’

kenr =
Tex Tex,0

and define the EnT efficiency, E, by eq 2. Figure 2¢ (black) is a plot of the EnT efficiency versus
E=1-2% (2

Tex,0
the donor-acceptor distance, fit with

R,™

E= 3)

T RoMHAT

where d is the variable donor-acceptor distance (from the center of the donor QD to the surface of
the acceptor BP), Ro is the effective Forster radius, at which the probability of EnT is equal to the
probability of native radiative or nonradiative processes within the QD, and n is related to the total
dimensionality of the system.*®*° This fit yields n = 2.3 + 0.3 and Ro = 11.0 + 0.5 nm, which is 3
nm longer than the donor-acceptor distance (8 nm) corresponding to the minimum thickness of
AlOx required to stabilize BP (3 nm).

When the donor-acceptor distance is small compared to the wavelength of the photons being
transmitted, quasistatic image dipole theory predicts that the rate of EnT from an isolated 0D donor
to a 3D acceptor has a distance dependence of d 3 and that this trend should still hold even in the
presence of an encapsulation layer (see more details in the SI).*%*! The longest donor-acceptor
distance in this experiment is ~25 nm, so the quasistatic approximation is valid. To explain the
value of n (2.3 + 0.3) we obtain by fitting the experimental data in Figure 2¢ to eq 3, we propose
that the distance dependence of EnT in our system is influenced by scattering of the dipole fields
of photoexcited QD donors by nearby QDs, which changes the spatial profile of the emitted electric
field. From the quantum mechanical point of view, this scattering amounts to EnT to other QDs
before absorption by BP.

To model the system with many QDs and the acceptor, we used finite-difference time-domain
(FDTD) simulations. We calculated the EnT efficiency from many photoexcited QDs to BP in two
cases: (1) where the QDs interact with the electric field emitted by the other QDs, and (ii) where
they do not. In these simulations, QDs that can scatter or absorb the electric field of other QDs are
modeled as electric dipole sources enclosed by a dielectric sphere using a Lorentz model that
includes the resonance response of the QD, and hypothetical non-interacting QDs are simply

described as dipole sources without dielectric spheres (see the SI for more details).*? In both cases,
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we placed 100 QD dipole sources of the same magnitude and phase, as well as random orientations
and positions, within a 200 nm x 200 nm region on an alumina layer (refractive index 1.7682) of
varying thickness. This concentration of QDs on the alumina layer is smaller than but comparable
to the experiment. A 35 nm-thick BP layer was placed below the alumina layer. We applied a
periodic boundary condition in the x and y directions to repeat this 200 nm x 200 nm unit cell. To
describe the broadband absorption of BP, its relative perimittivity was modeled as a superposition
of Lorentz models (see the SI). We note that we have not considered that the ALD-grown AlOx
used in the experiment is likely amorphous, which may result in mild absorption by the alumina
layer and therefore affect the distance dependence and Forster radius. The absorption power of the

BP layer was obtained and converted to the EnT rate using,

BP
kenT — Pabs (4)
k2P pQP

where kg, is the EnT rate, ng is the emission rate of a native QD (the inverse of the lifetime
multiplied by the measured quantum yield, QY of 52%), PEF. is the simulated BP absorption

power in one unit cell, and POQD is the emission or power of the QDs in one unit cell. To consider

the finite emission lineshape of QDs, we calculated P5F as
Si Pabs(@)IF™ (@)
Pabs = El;ilﬁmi(l:)i) ’ )

where P, (w) is the frequency-dependent absorption power of the BP layer and I (w) is the
emission spectrum of a native QD (modeled as a Gaussian function with a mean at 550 nm and a
standard deviation of 15 nm). The sum was performed over 101 linearly spaced frequency points
spanning the wavelength range 500-600 nm. In case where the dipole sources were enclosed by
dielectric spheres, we applied a frequency-dependent correction factor to P,,s(w) that accounts
for the change of the emitted power from the dipole—sphere composite structure due to the response
of the dielectric sphere. Once we obtained kg, the EnT efficiency, E, was calculated as follows
(using 79°=10.5 ns).

KEnT KEnT
E = = 6
kenr+kQP+kSP  kpnr+1/10P ©)

Figure 2c¢ (red, blue) shows the calculated EnT efficiency E as a function of the donor-
acceptor distance. When QDs in the simulation include dielectric spheres that allow interaction
with the electric field emitted by the other QDs, the R, increases from 5.93 nm to 11.1 nm. This

agrees well with the experimental value of 11.0 nm. The distance dependence of the EnT rate is
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d =32 for non-interacting QDs (as expected from the quasistatic image dipole theory for an isolated
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Figure 3. FDTD simulations of the spatial
profile of the magnitude of the electric field
|E| generated by a single excited QD modeled
as a dipole source enclosed by a dielectric
sphere (a) isolated and (b) surrounded by 10
ground-state QDs (dielectric spheres). The
BP and the alumina layer spanned the region
defined by —-100nm<x < 100nm |,
—100nmm <y < 100nm, and —35nm <
z<0nm (BP) and 0nmm <z <3nm
(alumina). The centers of all QDs were on the
xz plane at z =8 nm. The center of the
excited QD was at the origin, and the
orientation of its dipole source was defined
by spherical coordinates 8 = 124° and ¢ =
0°. The figures are the slices at y = 0 nm.
The same dielectric functions for BP,
alumina, and the QDs as those used for the
calculation of the EnT efficiency were used.

QD described above) and d~27 for interacting
QDs, which is closer to the experimental scaling
of d—23%03

The simulations suggest that we attribute
the unexpectedly long Forster radius and
shallow distance dependence of the EnT rate in
the mixed dimensional BP-QD system to QD—
QD electrodynamic interactions. When QDs
interact with one another, an excited QD can
transfer its excitonic energy in the lateral
direction to the nearby QDs before the energy is
absorbed by the BP, as illustrated by the FDTD-
calculated electric field profiles in Figure 3.4
This interaction widens the effective area of BP
that interacts with the initially excited QD,
opening non-vertical channels for EnT. The
lengths of these channels increase sub-linearly
with increasing d, thus reducing the overall
distance dependence of the EnT rate. Further
insights are provided by alternative derivations
of the energy transfer rate that are in the SI. We
note that in these simulations, we did not
consider (i) the in-plane anisotropy of BP
because the orientation of dipole moments of
QDs are random (ii) the effect of BP thickness
because the PL lifetime of QDs were nearly
invariant for a wide range of BP thickness that
included the thickness used in this study (see the
SI).



In summary, we demonstrate long-range Forster-type energy transfer from a self-assembled
monolayer of CdS/ZnS QDs to 3D BP through an AlOx encapsulation layer, with a shallow
distance dependence of ~d 23 and a Forster radius of 11.0 nm. We attribute the robust EnT over
relatively long distances to electrodynamic interactions among QDs within the monolayer, which
effectively increase the interfacial area over the donor and acceptor. Correspondence between
experimental and simulated results suggest that specific parameters of the solid-state donor-
acceptor system — the dimensionality of both the donor and acceptor — can be tuned in order to
lengthen the distance over which high-yield EnT occurs. Therefore, this work provides design
principles for the photosensitization of ambient-reactive materials through the encapsulation layer.
More broadly, it provides a general theoretical framework for evaluating Forster parameters for
various mixed dimensional systems consisting of bulk, thin-film, and self-assembled

nanomaterials.
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