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Cesium lead halide (CsPbXs, X = Cl, Br, or I) perovskite quantum dots (PeQDs) show promise for next-
generation optoelectronics. In this study, we controlled the electronic coupling between PeQD multilayers
using a layer-by-layer method and dithiol linkers of varying structures. The energy shift of the first excitonic
peak from monolayer to bilayer decreases exponentially with increasing interlayer spacer distance,
indicating the resonant tunnelling effect. X-ray diffraction measurements revealed anisotropic inter-PeQD
distances in multiple layers. Photoluminescence (PL) analysis showed lower energy emission in the in-plane
direction due to the electronic coupling in the out-of-plane direction, supporting the anisotropic electronic
state in the PeQD multilayers. Temperature-dependent PL and PL lifetimes indicated changes in exciton
behaviour due to the delocalized electronic state in PeQD multilayers. Particularly, the electron—phonon
coupling strength increased, and the exciton recombination rate decreased. This is the first study
demonstrating controlled electronic coupling in a three-dimensional ordered structure, emphasizing the
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Introduction

Cesium lead halide (CsPbX;, X= Cl, Br, and I) perovskite
nanocrystals have been widely studied because of their superior
photophysical properties. In addition to the general advantages
of metal chalcogenide quantum dots (QDs)," these attributes
include the high photoluminescence quantum yield (PLQY),
rapid radiative decay rate, controllable emission color by
halogen composition, and defect tolerance.” Particularly,
perovskite quantum dots (PeQDs) with diameters smaller than
the exciton Bohr size show fine bandgap tunability depending
on their size,*>” resulting in great potential for application in
optoelectronic devices, such as light-emitting diodes, photo-
voltaics, photodetectors, and field-effect transistors.®® The hot
injection method is typically used to synthesize uniform and
stably dispersed PeQDs in hydrophobic media, in which long-
alkyl chain oleic acid and oleylamine are used as surface
ligands.? Colloidally stable PeQDs possess considerable poten-
tial for implementation in solution-processed devices.

QDs possess molecular-like discrete electronic states that arise
from the quantum confinement effect. Emerging electronic
states, called minibands, caused by shortrange electronic
coupling of wave functions among closely packed QDs have been
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importance of the anisotropic electronic state for high-performance PeQDs devices.

reported.” Minibands are expected to offer superior optoelec-
tronic features, such as reduced trap-assisted recombination,
enhanced charge transfer, multi-exciton generation, and hot
excitons.'*** However, long alkyl ligands enveloping the QDs act
as insulators and have a high energy barrier, thereby preventing
electronic coupling. Hence, researchers have proposed ligand
exchange with shorter ligands to lower the potential barrier and
enable electronic coupling.'®'*" Previous studies reported
miniband formation in periodically aligned QD assemblies
(superlattices) of metal chalcogenides.”'**?*® The ordering of
superlattices is highly sensitive to miniband formation,** neces-
sitating the precise control of the inter-QD interaction based on
dimensional tailoring of the assembly. QD superlattices have
been prepared using various approaches, such as solvent desta-
bilization, slow evaporation, and liquid/air interface. Recently,
a layer-by-layer (LbL) assembly method has been reported to
fabricate CdTe QD superlattices.*' LbL assembly, which allows for
the preparation of precisely controlled QD multi-layer structures,
is a simple, useful, and promising approach. The distance
between each QD layer can be adjusted with single-nanometer
accuracy using a linker molecule or polymer spacer.

Multiple studies have reported the formation of minibands in
CsPbX; PeQD superlattices.***® These superlattices exhibited
synergistic photophysical characteristics such as low energy-
shifted narrower emission and high charge mobility.’>**?*
However, these exceptional properties were only observed in 3D
supercrystals and solution-coated 2D monolayers. For practical
applications, it is crucial to create a multi-layer PeQD superlattice
in a film state with an electronic coupling that is precisely
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Fig. 1 Schematic illustration of layer-by-layer (LbL) assembly of perovskite quantum dots (PeQDs) and coupling strength controlled by inter-

PeQD distance with different linker lengths.

controlled. In solar cell production, multi-layered PeQD struc-
tures were created through sequential spin-coating of a perov-
skite nanocrystal solution, linker solution, and washing
solvent.>**” This process, however, inevitably led to significant
variations in the thickness of the QD layers and incomplete
ligand exchange.”® In several other studies, the electronic
coupling of cadmium chalcogenide QD was controlled by
adjusting the interparticle distance in the solution.***° None-
theless, no studies have precisely controlled PeQD multi-layer
structures and electronic coupling between QDs.

In this study, we successfully produced a PeQD multi-layer
superlattice through a precisely controlled LbL process. We
observed anisotropic electronic coupling between PeQD layers,
as depicted in Fig. 1. The PeQD superlattice was formed by
alternating the immersion of the substrate into PeQD and
dithiol linker solutions. This sequence substituted the long-
alkyl ligands on the PeQD surfaces with dithiol linkers. By
altering the linker length, we could regulate the electronic
coupling strength in the PeQD superlattice. Additionally, we
evaluated this strength by analyzing the temperature depen-
dence of the PL and PL lifetimes. X-ray diffraction (XRD) and the
angular dependence of the PL demonstrated the anisotropic
structure and electronic coupling towards the out-of-plane
direction in the three-dimensional PeQD superlattice.

Results and discussion

CsPbBr; QDs were synthesized using a typical hot-injection
method™ and treated with ammonium thiocyanate to achieve
a high PLQY (80%). Their average size was 6.8 & 0.5 nm, estimated

13050 | Chem. Sci,, 2024, 15, 13049-13057

using transmission electron microscopy (TEM) (Fig. S1a and ct).
Fig. S1bf shows a high-resolution TEM image of the CsPbBr; QD.
The periodic constant (0.58 nm) indicates the (100) plane in the
cubic crystal structure.®® Fig. S1dt shows the absorption and PL
spectra of the CsPbBr; QD-toluene solution. A sharp band edge
absorption peak at 2.477 eV, green PL with a peak at 2.446 eV and
a narrow full width at half maximum (FWHM) of 77 meV were
observed, indicating the monodispersity in the size of the QDs
and the well-electronically confined features.

Fabrication of PeQD first layer

In the LbL process for CsPbBr; QDs, polyethyleneimine (PEI)
was chosen as the pre-coated underlayer on the substrate. PEI
contains repeating units of secondary amine groups and facil-
itates the adsorption of CsPbBr; QDs onto the PEI underlayer,
forming the first PeQD monolayer. The density of PeQDs in the
monolayer was controlled using the withdrawal speed of the
substrate from the PeQD solution. Fig. 2a shows the absorption
spectra of PeQD monolayers prepared using different with-
drawal speeds. The density of the PeQD monolayer was esti-
mated from the optical density (OD) of the first absorption peak
of the PeQD film. As the withdrawal speed decreased, the OD
value of the monolayer increased, and the peak top energy
remained constant at 2.473 £ 0.002 eV, equivalent to that of the
solution (Fig. 2b and S1t). The constant peak top energy indi-
cated the absence of electronic coupling among the PeQDs in
the in-plane direction. The QDs were coated with long-alkyl-
chain ligands, namely oleic acid and oleylamine, which were
insulating and of sufficient length to impede electronic
coupling between the QDs.””

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 a) Absorbance spectra of perovskite quantum dot (PeQD) monolayer prepared with different withdrawal speeds. (b) Dependence of

withdrawal speed on the optical density (OD) and first excitonic peak

We could improve the wettability of the PeQD solution on the
substrate by incorporating diglyme. As shown in Fig. S2a,T drop-
cast PeQD films from toluene and toluene/diglyme solutions
were compared. The surface of the PeQD film from toluene
exhibited a rough texture due to the hydrophobic nature of
toluene, which caused it to spread unevenly on the hydrophilic
substrate. In contrast, adding diglyme, which is amphiphilic
and has been identified as a suitable poor solvent for PeQDs
without impacting their PLQY,” resulted in a film with
a smooth surface. Furthermore, the PLQY (89%) of the film
from the toluene/diglyme mixture was similar to that of the
toluene solution-prepared film. The absorption, PL, and tran-
sient PL (TrPL) spectra of the PeQDs from the toluene/diglyme
solution were unaffected, as shown in Fig. S2b and c.t The
first excitonic peak energy in the absorption spectra and the top
of the PL spectra remain the same. Additionally, the TrPL decay
rate did not change. As illustrated in Fig. S2d,f the TEM image
reveals a closely packed PeQD monolayer in the drop-cast film
from toluene/diglyme while maintaining the size and cubic
structure of the QDs. These findings demonstrate that adding
diglyme can improve the wettability of the PeQD solution on the
substrate without affecting the optical properties of the PeQDs
in the film state. Furthermore, the relationship between the
volume fraction of diglyme and the OD of the PeQD monolayer
dip-coated on the quartz substrate with PEI coating is shown in
Fig. S2e.t An increasing volume fraction of diglyme results in an
increase in the OD of the PeQD monolayer due to the improved
wettability while maintaining the peak top energy of the QD
constant, indicating the absence of electronic coupling in the
in-plane direction. Finally, we used a mixture of diglyme/
toluene (15/85 v/v) for the multi-layer LbL process.

Layer-by-layer assembly of PeQD

A bifunctional ligand was utilized as a linker for LbL assembly
to prepare the multi-layer film. PeQDs have been reported to
bind to various functional groups, such as amine,* carboxylic
acid/amine complex,”* ammonium halide,”***° sulfonic acid,*
phosphoric acid,** and zwitterion®*® as ligands. Traditional

© 2024 The Author(s). Published by the Royal Society of Chemistry

position of the PeQD monolayer.

linkers such as dicarboxylic acid and diamine molecule were
tried to be used for ligand exchange reactions of QDs. However,
aliphatic dicarboxylic acid was hard to soluble into hydrophobic
solvent such as toluene. In addition, absorption of PeQD
monolayer was disappeared after soaking into diamine solu-
tion, indicating degradation of the film. Recent studies have
shown that thiol ligands can passivate Pb defects on the surface
of PeQDs.*7 The LbL assembly utilized dithiol ligands as
linkers to control over the interparticle distance. The absor-
bance of the PeQD film gradually increases when 1,3-propane
dithiol (C3DT) is applied as the linker in the LbL process
(Fig. 3a). The OD value exhibits a linear increase with the
number of layers N, indicating the PeQD layers were succes-
sively stacked with constant packing density (Fig. 3c). The LbL
assembly of the PeQD film was accomplished using a longer
alkyl dithiol linker (1,10-decane dithiol; C10DT, Fig. 3b), dis-
playing almost the same increase in OD value. The absorption
energy shifts in the LbL films with the C3DT and C10DT ligands
differ remarkably. The peak top energy gradually shifts to lower
energy with increased N (Fig. 3d). These low energy shifts
become nearly constant at different points (—44.0 meV in C3DT
and —14.2 meV in C10DT systems at N = 8), supporting that the
low energy shifts can be ascribed to the electronic coupling
between the PeQD layers.

The electronic coupling strength between the QDs is
explained by eqn (1) based on the resonant tunnelling effect:>

2m*V

—2Ax 7

B ocexp 1)

where Ax is the inter-QD distance, m* is the effective mass of
electron, V is the tunnel barrier, and # is the Dirac constant.
Aqueous CdTe QD bilayers have been reported to exhibit elec-
tronic coupling, which can be controlled by regulating the
interlayer distance using positively and negatively charged
polymer multi-layers.” The energy shift of the absorption
spectra between the monolayer and bilayer decreases expo-
nentially with increasing interlayer spacer distance. The effect
of the dithiol linker length on the electronic coupling in the
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Fig. 3 Absorbance spectra of perovskite quantum dot (PeQD) multi-layer prepared using the layer-by-layer (LbL) method using a dithiol linker
with different alkyl spacers: (a) C3DT, (b) C10DT. Dependence of N on (c) optical density (OD) and (d) energy shift in PeQD multi-layers.

PeQD multi-layer was investigated based on the energy shift in
the first excitonic peak from the monolayer to the bilayer.
Fig. S31 shows the absorption spectra of the monolayers and
bilayers formed using different types of alkane dithiol linkers:
ethyl (C2DT), propyl (C3DT), butyl (C4DT), pentyl (C5DT), hexyl
(C6DT), and decyl (C10DT); and aromatic linkers: 1,4-benzene
dithiol (BDT) and 4,4'-biphenyldithiol (BPDT). Compared to the
monolayer film, all bilayers displayed a low-energy shift. Fig. 4
shows the energy shift and the distance between the two sulfur
atoms in the linker, as estimated by DFT calculations using
B3LYP/6-31G*(d). Thiol atoms on the linker would passivate Pb
defects on the surface of PeQDs;**”® in this case, inter-QD
distance would be same with sulfur-sulfur distance in the
linker. The energy shift decreases exponentially with increasing
spacer length, supporting the electronic coupling mechanism
based on the resonant tunnelling effect shown in eqn (1). This is
the first demonstration of finely controlled electronic coupling
between PeQDs in a solid film state.

This study investigated the structural order of QDs in LbL-
PeQD films. A cross-sectional scanning electron microscopy
(SEM) image in Fig. S4at reveals the PeQD layers (N = 20)
prepared using the C3DT linker. The measured thickness was
130 £ 10 nm, in agreement with the estimated value of 147 nm,
calculated using the number of layers and the average periodic

13052 | Chem. Sci, 2024, 15, 13049-13057

distance of PeQD (7.35 nm) derived from the average diameter of
PeQD (6.8 nm) and the spacer length of C3DT (0.55 nm).
Fig. S4bt depicts the SEM energy-dispersive X-ray spectroscopy
(SEM-EDS) mapping images and the EDS spectrum. Elemental
analysis confirms the presence of Cs, Pb, Br, C, and S, indicating
the successful introduction of the thiol linker into the PeQD
multi-layer. Fig. S5 shows the XRD patterns of drop-cast and
multi-layer (N = 30) PeQD films. The drop-cast film displayed
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Fig. 4 Energy shift from monolayer to bilayers and interlayer distance
determined by linker length.
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a diffraction peak at ¢ = 0.62 nm ™", signifying a center-to-center
interparticle distance of 10.1 nm in the out-of-plane directions.
This was attributed to the three-dimensional close packing of the
unmodified PeQDs. In contrast, the peak in the out-of-plane
direction shifted to the high g region in the multi-layer films,
and the film with the shorter linker, C3DT, showed a higher g
peak than the film with C10DT (C10DT: 0.78 nm " for 8.1 nm
and C3DT: 0.82 nm™ " for 7.7 nm). These values align with the
periodic distance of the PeQDs estimated from the average
diameter of the PeQDs (6.8 nm) and spacer lengths of C10DT
(1.46 nm) and C3DT (0.55 nm). The diffraction peak in the in-
plane direction was observed at the similar g value of 0.630-
0.648 nm™ ", corresponding to 9.70-9.97 nm in all films, which
the analysis was performed with the fitting of raw data and first
and second derivatives, using combination of Gaussian and
polynomial functions (Fig. S6, ESIT). This result suggests that the
ligand exchange from the long oleyl ligands to the shorter dithiol
linkers primarily occurs in the out-of-plane direction. The
binding energy of the thiol group on the surface of PeQDs was
not as strong as that of conventional metal chalcogenide QDs.
Accessing the lateral side of the QDs within the layer by linker
molecules can be deemed more challenging than accessing the
top side of the QDs. This is due to the dense packing of PeQDs
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with each other in the layer. The diverse accessibilities and weak
binding capacity of thiol linkers onto the PeQD facet are
accountable for the distinct packing observed in the in-plane and
out-of-plane directions. These results of the XRD measurements
support the anisotropic electronic coupling between PeQD layers
in the out-of-plane direction. To ensure the absence of electronic
coupling in the in-plane direction, PeQD monolayer films with
varying packing densities were immersed in a C3DT linker
solution (Fig. S771). Nevertheless, the absorption peaks remained
unaffected. Further, there were no differences in absorption
spectra before and after soaking PeQD monolayer with high
packing density into several linker solutions. These results verify
that the electronic coupling of PeQDs in the in-plane direction
did not transpire in the LbL assemblies, aligning with the
observation of an unchanged XRD peak in the in-plane direction
in the LbL assembly.

Optical characteristics of PeQD assembly

The anisotropic feature of PL intensity on the detective angle
was reported in semiconductor nanowires.”*”® The anisotropic
electronic coupling in the out-of-plane direction causes a tran-
sition dipole moment perpendicular to the substrate, affecting
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Fig.5 Angle-dependent photoluminescence (PL) spectra of (a) monolayer, (b) drop cast film, six-layer bridged with (c) C10DT, and (d) C3DT. The
angle is defined by a substrate rotation on the axis perpendicular to the plane consisting of incident light and emitting light. When the emitting
light direction to the detector is perpendicular to the substrate, the angle is 0°.
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the angle dependence on the PL intensity. Therefore, we
measured the angular dependence of the PL of drop-cast,
monolayer, and multi-layer films created using C3DT and
C10DT to examine the anisotropic coupling in the out-of-plane
direction within the LbL assembly (Fig. 5a-d). The monolayer
and drop-cast films displayed similar PL peak energies and no
angular dependence. The drop-cast film thickness was adjusted
to match that of a six-layer film. Angle-dependent PL spectra of
the drop-cast film showed slight low-energy shift with
increasing angle probably because of re-absorption effect
(Fig. S81). In contrast, multi-layer films with C3DT and C10DT
exhibited a distinct angular dependence, with lower energy
shifts occurring towards the in-plane direction (higher angle).
These findings indicate that the PeQD multi-layer electronic
coupling, created through the LbL process, primarily occurred
in the out-of-plane direction, forming an anisotropic electronic
state in the PeQD film.

To better understand the miniband structure of the LbL
PeQDs, we investigated the temperature dependence of the PL
(Fig. S97). The results demonstrate that the coupled multi-layer
PeQD film exhibits a narrower FWHM emission, similar to that
reported for the PeQD superlattice, forming a miniband. The
temperature dependence of the PL peak top energy E(7) and
FWHM [I(T) are shown in Fig. S10.f These parameters are
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related to the exciton-phonon distribution function and
exciton-phonon coupling strength, which can be described by
the following equations:”®**

2
E(T) = Ey+ AT + Agp o +1 (2)
exp (kB—T) —1
_ VLo
I(T) = Io+ — 72 )
exp (kB—T> —1

Here, E, is the unrenormalized bandgap, A is the weight of
thermal expansion, Agp is the electron-phonon coupling coeffi-
cient, 7Zw is the average optical phonon energy, I', is the
temperature-independent inhomogeneous broadening, vy o is the
exciton-phonon coupling strength, and E;o is the LO phonon
energy. Here, the acoustic phonon term was neglected because its
value quite small contribution was reported in CsPbBr; nano-
crystal system (the order of peV K'), and it was often
omitted.”®”7#>##% The parameters obtained by curve fitting are
listed in Table S1.7 All parameters, except Ejo and vy, aligned
with the previously reported parameters for CsPbBr; QDs, as
summarized in Table S2.1 The E; o value would be intrinsic to its
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Fig. 6 Temperature dependence of transient photoluminescence (TrPL) decays of (a) monolayer, (b) trilayer, and (c) six-layer prepared with
C3DT. The detection energy: (a) 2.385 eV, (b) 2.362 eV, (c) 2.353 eV, respectively. (d) Temperature dependence of PL lifetime .
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crystal nature. Then, fitting was performed using E; o value fixed
according to the reported values. Fitting results were summarized
in Table S1,f changing the E; o value to 10, 20, and 30 meV. The
YLo value was decreased with decreasing the Ey value, while the
electronically coupled LbL samples still showed higher y;, value
than that of monolayer film. On the other hand, the r* value was
also decreased, indicating worse fitting. Any ;o estimated by the
different four fitting conditions was increased in the multilayers
compared to that of the monolayer, and the film with the shorter
C3DT ligand and more layers (N = 6) exhibited larger yio.
Generally, the increased FWHM at higher temperatures is
attributed to increased exciton-phonon coupling. Increasing vio
is caused by stronger confinement in PeQD or lower dimen-
sionality of perovskite crystals (from 3D single crystal, 2D nano-
sheet, to 1D nanowire) (Table S2t). The increment of E; and vi0
from the non-coupled monolayer to the coupled multi-layer PeQD
films may be due to the synergistic effect of 1D-like anisotropic
electron-phonon couplings between QDs and between QD and
the dithiol linkers in the PeQD layers. A more detailed discussion
based on further theoretical study will be necessary.

The temperature dependence of the TrPL lifetime of the
PeQD films was investigated to understand the behavior of the
excitons in the miniband (Fig. 6 and S11t). To observe the
emission from the miniband, we set the detection wavelength to
a lower energy point, which was at half the PL intensity at room
temperature. Fig. 6d shows the average PL lifetime 7 as the
function of temperature. The TrPL decay curve was fitted using
the triexponential equation: I(t) = A; exp(—t/t1) + A, exp(—t/1,) +
Az exp(—t/t3). The decay parameters 14, 5, 73, 41, 45, and A; are
the lifetimes and their corresponding amplitudes. The average
lifetime is estimated using the weight average. The monolayer
film exhibited a constant average lifetime independent of the
temperature, which is a typical characteristic of 0D excitons.”>**
In contrast, the trilayers and six-layer films showed longer life-
times with decreasing temperatures. The elongation of the
lifetime at lower temperatures is caused by a reduction in the
recombination rate of the exciton, due to the delocalization of
electrons over several PeQD layers in the excited state.”>** In the
C3DT system, the six layers exhibited stronger temperature
dependence than the trilayer. However, similar temperature
dependence was observed for the six-layers and trilayers
prepared with C10DT. These results are consistent with the
energy shift observed in the absorption spectra with N (Fig. 3).
The energy shift was nearly saturated in the six- and trilayer
films of the C3DT and C10DT systems, respectively. Strong
coupling with the shorter linker resulted in a wider delocaliza-
tion of electrons. This result indicates the fine-tuning of the
electron delocalization state in the PeQD superlattice.

Conclusion

We effectively controlled the miniband formation in PeQD
multilayers through the LbL technique, utilizing dithiol mole-
cules as linkers for layering. Our analysis indicates that the
energy shift of the first excitonic peak from monolayer to bilayer
follows an exponential decreasing pattern as the linker length is
increased. We observed different saturation points for

© 2024 The Author(s). Published by the Royal Society of Chemistry
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increasing the number of layers N, with significant energy shifts
for short C3DT and small shifts for long C10DT systems. These
findings provide direct evidence that the resonant tunnelling
effect governs electronic coupling between PeQD layers.

The XRD profiles suggest that the interparticle distance in the
out-of-plane direction is shorter than in the in-plane direction.
Moreover, the angle-dependent PL exhibited an anisotropically
coupled electronic state in the out-of-plane direction.

Temperature-dependent PL  measurements  showed
a substantial enhancement in the electron-phonon coupling
strength in PeQD multilayers, indicating the preferable forma-
tion of electronic coupling. The PL lifetime t of PeQD multi-
layers displayed an elongated pattern with lower temperatures.
This suggests that the recombination rate of excitons decreased
due to the delocalised electronic state in the PeQD multi-layer.

This is the first demonstration of finely controlled aniso-
tropic electronic coupling between PeQDs in a multilayer
superlattice. The selectivity of electronic coupling in different
directions can be applied to other semiconductor QDs. The
anisotropic electronic state in the deposited PeQD multi-layer
would affect the charge transfer rate, light outcoupling effi-
ciency, and the radiative decay rate, which holds great promise
for novel applications in PeQD optoelectronic devices.
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