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Matrix with Embedded Quantum Dots.
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ABSTRACT.

Hybrid lead halide perovskite derivatives (PS) have emerged as very promising
materials for the development of optoelectronic devices in the last few years. At
the same time, inorganic nanocrystals with quantum confinement (QDs) possess
unique properties that make them suitable materials for the development of
photovoltaics, imaging and lighting applications, among others. In this work, we
report on a new methodology for the deposition of high quality, large grain size
and pinhole free PS films (CH3NH3Pbl3) with embedded PbS and PbS/CdS
core/shell Quantum Dots (QDs). The strong interaction between both
semiconductors is revealed by the formation of an exciplex state, which is
monitored by photoluminescence and electroluminescence experiments. The
radiative exciplex relaxation is centered in the near infrared region (NIR), ~1200
nm, which correspond to lower energies than the corresponding band gap of both
perovskite (PS) and QDs themselves. Our approach allows fabricating multi-
wavelength light emitting diodes (LEDs) based on a PS matrix with embedded
QDs, which show considerably low turn-on potentials. The presence of the



exciplex state of PS and QDs opens up a broad range of possibilities with

important implications in both LEDs and solar cells.
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High quality pinhole free perovskite halide thin layer exhibiting IR exciplex state

emission have been prepared introducing Pb/CdS QDs in single step deposition

process.



Nowadays, the research focused on the development and applicability of
hybrid lead halide perovskite materials (PS) probably constitutes the hottest topic
in the photovoltaics field due to several reasons. Firstly,certified photoconversion
efficiencies as high as 22.1% have been reported so far.! Moreover, the impressive
rise in the conversion efficiencies has been reached only few years after the first
reports on PS based liquid electrolyte solar cells in 2009.% Very importantly, it has
been demonstrated that PS shows reduced non-radiative recombination pathways;
this fact has significantly contributed to reachhigh photoconversion efficiencies.*
* Additionally, the application of PS derivatives for the development of light
emitting devices,” as LEDs,®® light amplifiers® or lasers,'**? has been already
demonstrated, which is a consequence of the outstanding properties of these
materials. It is worth pointing out that PS can be prepared from solution methods
at low processing temperatures and, consequently, using low cost fabrication
techniques. Furthermore, PS can be easily combined with other materials as
colloidal Quantum Dots (QDs),** *which can induce interesting synergies, thus
giving rise to new properties or phenomena that do not exist for the single
materials themselves.

Colloidal QDs constitute a very interesting family of nanomaterials that
have been extensively studied for optoelectronic applications during the last two
decades due to their size-tunable bandgap, relatively facile synthesis, high
monodispersity, and the possibility of being processed in solution.’**® Despites
the high potentiality of developing advanced optoelectronic systems by exploiting
the combination of PS and QDs, there are only few examples in the literature
reporting on these issues; PbS QDs combined with PS has been the most general
system studied so far. Particularly, precedents in the literature report on the
utilization of PS as a capping agent of QDs, thus providing QD/PS core/shell

structures, %2t

which have shown outstanding efficiencies, close to 9%, in
colloidal QD solar cell configuration.'® PbS QDs have been deposited on
perovskite layers for photovoltaic applications, which enhances the light

harvesting at IR wavelengths and therefore, the photogenerated short-circuit



current (Js).? > However a more intimate interaction between PS and QDs has
been obtained by the preparation of layers that consists of a PS matrix with
embedded QDs using two-step spin coating method.™® This approach has an
enormous potentiality for the development of different optoelectronic devices.
Highly efficient QD based near-infrared light-emitting diodes have been obtained
by combining a PS matrix with PbS QDs with good lattice matching that forms a
type | junction.? In addition, PbS QDs have been also used as efficient seeds for
the preparation high-performance planar heterojunction perovskite solar cells.”®
We have recently analyzed the interaction between PS and PbS/CdS core-shell
QDs bilayers that form a type Il junction.** More specifically, we reported on the
identification of an exciplex emission that results from the strong interaction
between both semiconductors films, by means of optical pumping and electrical
injection at energies lower than the bandgap of the single materials themselves.
As a continuation of our previous work, we envisaged that this effect could be
much more pronounced if the QDs were inserted into the PS films instead of
stacking layers of the corresponding single materials. Therefore, in the present
paper we propose a novel one step spin coating method to produce a
nanocomposite that consists of either core PbS or core/shell PbS/CdS QDs
embedded into a PS matrix. This method permits to obtain very uniform PS-QDs
layers, with significantly larger PS grain size, compared to bare PS (reference
sample), which clearly exhibit exciplex emission.

PbS/CdS core/shell QDs were generally synthesized using oleic acid (OA)
that controls the dimension of QDs and prevents their aggregation. However OA-
capped QDs are not soluble in dimethylformamide (DMF), which is the
commonly employed solvent to dissolve th e PS precursor, and therefore a ligand
exchange treatment becomes necessary to overcome this solubility limitation. Fig.
1a shows the ligand exchange processes. Core/shell PbS/CdS QDs capped with
OA ligands were originally dispersed in octane, and mixed with a DMF solution
containing PS precursors (Pbl, and CH3NHjsl). In this step, two separated phases

were detected: QDs dispersed in octane on the top and PS dissolved in DMF at the



bottom (Bottlel). After stirring the mixed solution, OA is replaced by a
CH3NHsPbl; PS capping and QDs were transferred into DMF phase with
perovskite precursors (dark phase, Bottle2). PS capped QDs were precipitated
with toluene, dried and finally dispersed in a solution containing the PS precursors
(PS-QDs solution, Bottle3) that will be used for the spin coating deposition of the
PS with embedded QDs films (see the details in the experimental part see
Supporting Information). The absorbance and photoluminescence (PL) in solution
of PS capped QDs is red shifted (see Fig. Sla and S1b) and the PL quantum vyield
is significantly reduced after ligand exchange, from 18% to 0.9% see Fig. S1b.
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Fig 1. (a)Pictures of the different phases of QD ligand exchange process. Bottle 1: two phase
solution formed by DMF with perovskite precursors at the bottom and PbS/CdS core/shell QDs
capped with OA solved in octane on the top. Bottle 2: after 30 minutes stirring, the QDs were
transferred into DMF since OA was exchanged by a PS shell. Bottle 3: PS capped QDs were
precipitated with toluene, dried and finally dispersed in a DMF solution containing PS precursors
(Pbl, and CH3NHal, 1:1molar ratio); this solution is used for the deposition of perovskite layer
with embedded QDs. (b)Photoluminescence spectra of PbS/CdS QDs in solution before (OA
capped), after ligand exchange (PS capped) and the final PS-QDs solutions (Aecitation = 650 nm).

Fig. 1b shows the PL spectra of the QDs solutions before (OA capped) and
after ligand exchange (PS capped). The PL peak after ligand exchange was red
shifted depending on the QD size, beingl50 nm for QDs of 2.3 nmin diameter
(from 812 nm to 962 nm, Fig 1b and Fig S1c) and 83 nm for QDs of 3 nm in
diameter (from 893 nm to 976 nm, Fig. S1d), thus indicating that this effect is

more significant for the smaller sized QDs, which is in good correlation with



previous reports.”’ PS capping allows the wave function to spread out of QDs,
thus reducing the quantum confinement that provokes the strong red-shift. The PL
emission of the QD/PS nanocrystals dispersed in the PS solution (PS-QDs
solution) did not vary compared to that resulting from dispersing QD/PS in DMF,
see Fig. 1b, S1c and S1d. This fact indicates that PS shell does not dissociated into
the corresponding precursors or does not suffer from chemical variations after
being dispersed in DMF, which demonstrates the robustness of the PS shell. The
QY of PS-QDs solution was calculated as a function of QD concentration, which
decreases linearly from 1.6% to 1% when QD concentration was increased from
200 to 400 mg/ml (Fig. S2).

PS and PS-QDs films were spin coated onto compact TiO, at 9000 rpm
from the PS and PS-QDs solutions, respectively inside a glove box. The films
were annealed at 65°C for 1 minute and subsequently at 100°C during 2 minutes.
Very homogenous, pinhole free morphology was obtained for both PS and PS-
QDs films (Fig. 2a and 2b respectively). The introduction of QDs in the solution
containing the perovskite precursors has a dramatic effect of on the grain size,
which is increased in 4-5 fold factor. These results point to the significant role of
the QDs on the nucleation of the PS crystals,as it has been recently reported.?> The
increase of grain size produced a slight red shift, around 4 nm in the PS emission
(Fig. S3). This shift could be attributed to the increase of perovskite grain size.?
Very interestingly, crystal grains with a size similar to the layer thickness are
obtained (see Figs. 2c and 2d), which is a crucial aspect for obtaining high
performance optoelectronic devices. The presence of QDs also produces an
increase of the film thickness (see Fig. S4), from 210 nm (PS film without QDs)
to 365and 420 nm, when QDs are dispersed in PS solutions with concentrations of
300 and 400 mg/ml, respectively. Independently of the thickness, very
homogeneous films are obtained for the different conditions used with our novel

preparation methodology.



Fig 2. SEM secondary electron images of the top view of PS films (a)without and (b) with
PbS/CdS core/shell QDs 2.3 nm with the concentration of 300 mg/ml. Cross section image of (b)
sample using (c) secondary electrons and (d) backscattered electrons that allows a clearer
distinction among the different layers.

Fig. 3 shows that PS layers with embedded QDs exhibit the PL emission
band ascribed to the exciton recombination in the PS, but no additional QD
contribution is observed within the comprised spectral range (Fig 3a). However,
these composite films exhibit a strong exciplex emission(= 1.02 eV) that is at a
lower energies than the bandgaps of the corresponding single semiconductors
themselves, as shown in Fig 3b. As we reported previously, the observed exciplex
relaxation corresponds to the radiative recombination of electrons from the
conduction band (CB) of PS with those holes present in the valence band (VB) of
QDs.
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Fig 3.Room temperature PL spectra at(a) 600-1000 nm (Si photodetector) and (b) 900-1700 nm
(InGaAs photodetector) wavelength ranges of PS-QDs (PbS/CdS 2.3 nm in diameter) film in
which PS capped QDs were added in the solution of PS with a concentration of 300mg/ml. The
PS-QDs films were spin coated at 9000 rpm and annealed at 65°C for 1 minute and then at 100°C

during 2 minutes.

In addition to optical pumping, electronic injection (electroluminescence, EL)
was also investigated by the preparation of complete LED devices based on the
configuration depicted in Fig. 4a; using a compact TiO; layer and spiro-OMeTAD
as electron and hole injecting layers, respectively.® For those devices containing
QDs, three EL emission signals that correspond to direct exciton recombination in
PS and QDs (Fig. 4b) and the indirect PS-QD exciplex (Fig 4c) are observed,
respectively. Note that there is a slight shift in the exciplex peak position
comparing Fig. 4c with Fig. 3b, which arises from small variations of the QD size
distributions from batch to batch syntheses. It is worth highlighting that the EL
signal of the PS moiety of the PS-QDs composite sample is quenched by
approximately one order of magnitude (see Figs. S5, S6, S7a) compare to the
reference sample without embedded QDs. Moreover, QD EL intensity increases
as the applied voltages increases, and this signal enhancement is even more
evident at lower QD concentration (Fig. S7b). In addition, the position of QD
emission was dependent on the QD concentration in the PS-QDs solution; more

specifically the quenching of PS emission is expected from the type Il junction, as



already reported in our previous study based on PS-QDs bilayers (Fig. $8),*
which in turn promotes the origin of the exciplex state (Fig. 4c).

Finally, the samples prepared with embedded single core PbS QDs are
compared to those devices prepared with PbS/CdS core/shell QDs (see Fig. S9).
Briefly, the OA ligands of the PbS core were exchanged with a PS shell,
following the same procedures as for the PbS/CdS core/shell QDs (including the
concentration of these QDs in the solution of PS). In agreement with our previous
work,? the CdS shell induces a notable enhancement of the EL signal, not only
from the QDs but also from the PS, as one would expect from the efficient

passivation of the surface states (Fig. S9).
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Fig 4. (@) Schematic of the LED configuration. Electroluminescence at (b) 600-1100 nm (Si
photodetector) and (c) 1000-1400 nm (InGaAs photodetector) wavelength range of PS-QDs
devices at different applied voltages with PbS/CdS core/shell 2.3 nm QDs (300 mg/ml) embedded
in PS matrix. PS-QDs film was spin coated at 9000 rpm then annealed at 65°C for 1 minute and at

100°C during 2 minutes.

In summary, we have developed a the new method for producing PS layers
with embedded core and core/shell QDs, that yields highly homogeneous, low
roughness and pinhole free PS-QDs composite films. The introduction of
embedded QDs has a dramatic effect on the perovskite crystal grains, whose size
is enlarged by a 4-5 fold factor, compared to the reference samples without QDs;
it is worth mentioning that the crystal size measured for PS-QDs films is in the
same order of magnitude than the overall layer thickness. Very importantly, the
strong interaction between PS and the embedded QDs is promoting the emission



from PS-QDs exciplex; therefore, our approach constitutes a valuable proof of
concept on the coupling of these two important families of materials. In particular,
exploiting our methodology and device configuration constitutes a suitable tool
for producing intimately packed films, where the interaction between PS and QDs
can be induced and monitored by applying both optical pumping and electrical
injection. The development of high quality layers and devices that not only show
optical but also electrically induced exciplex states, opens up a highly interesting
scenario for the development of new and advanced optoelectronic devices; from

wavelength tunable LEDs to intermediate bandgap solar cells.
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