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ABSTRACT

Metal halide perovskite shelled quantum dot solids have recently emerged as an interesting class of solution-processable materials that
possess the desirable electronic properties of both quantum dots and perovskites. Recent reports have shown that lead sulfide quantum
dots (PbS QDs) with perovskite ligand-shells can be successfully utilized in (opto)electronic devices such as solar cells, photoconduc-
tors, and field-effect transistors (FETSs), a development attributed to the compatibility of lattice parameters between PbS and certain metal
halide perovskites that results in the growth of the perovskite shell on the PbS QDs. Of several possible perovskite combinations used with
PbS QDs, bismuth-based variants have been shown to have the lowest lattice mismatch and to display excellent performance in photo-
conductors. However, they also display photoluminescence (PL), which is highly sensitive to surface defects. In this work, we present an
investigation of the transport and optical properties of two types of bismuth-based perovskite (MA3Bils and MA3BizIo) shelled PbS QDs.
Our photophysical study using temperature-dependent PL spectroscopy between 5 and 290 K indicates that the PL efficiency of the ref-
erence oleic acid (OA) capped samples is much higher than that of the Bi-shelled ones, which suffer from traps, most likely formed at
their surfaces during the phase-transfer ligand exchange process. Nevertheless, the results from electrical measurements on FETs show
the successful removal of the native-OA ligands, displaying electron dominated transport with modest mobilities of around 10~ cm?
[V s]™' - comparable to the reported values for epitaxial Pb-based shelled samples. These findings advance our understanding of per-
ovskite shelled QD-solids and point to the utility of these Bi-based variants as contenders for photovoltaic and other optoelectronic
applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128885

INTRODUCTION

(and therefore absorption and emission) from the ultraviolet to the
near-infrared spectral region as well as the ability to be processed

Colloidal nanocrystals, or quantum dots (QDs), have attracted
much attention over the past two decades for several important tech-
nological applications in fields as diverse as biological imaging," drug
delivery,” energy conversion”* and storage,” and optoelectronics.
For optoelectronic applications, their potential is mostly determined
by the quantum-size effect that allows for tuning the bandgap’

through simple solution-based deposition methods for cost-effective
and scalable mass production. Furthermore, they often exhibit supe-
rior stability compared to other solution-processable optoelectronic
materials.” Among the many combinations of materials for QD-
based optoelectronic devices, lead chalcogenides (PbX, X =S, Se,
and Te) are some of the most common due to their well-developed
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synthetic process, good carrier mobilities, and their photosensitiv-
ity in the (near) infrared region coupled to a relatively large exciton
Bohr radius (~18, 46, and 150 nm for PbS, PbSe, and PbTe, respec-
tively), which enables them to retain quantum confinement even in
relatively large particle sizes.”

Decades of research into QD-based optoelectronics have led to
great improvements in the synthetic techniques and to enhanced
material quality, tuning of the electronic properties via surface
modification or ligand exchange, and control of the formation
of QD solids via a host of deposition techniques such as spin-
coating, blade-coating, or spray-coating. Surface ligands are nec-
essary additives during synthesis of colloidal QDs to stop growth
and impart solubility, thus aiding in long-term colloidal stabil-
ity. However, these ligands are generally rather long and create
a large potential barrier. Therefore, when charge carriers need to
be extracted, ligand exchange should be carried out to replace the
native long insulating ligands such as oleic acid (OA) with shorter
ones in order to improve the electronic coupling between adja-
cent QDs.” The first generation of QD-based optoelectronic devices
such as electrochemical cells, field effect transistors (FET), solar
cells, and photodetectors'’ " featured postdeposition (or solid state)
ligand exchange with short (bidentate) molecules such as thiols
[ethanedithiol (EDT), 3-mercaptopropionic acid (MPA)], amines
[butylamine (BA)], metal thiocyanates, etc. However, rather great
challenges, related to film shrinkage, and the torturous layer-by-
layer (LbL) processing to obtain films of the desired thickness
appeared very soon.

Recently, solution-based ligand exchange methods such as lig-
uid phase transfer where the ligand dissolved in a polar solvent reacts
with the surface of the QDs, leaving the pristine ligand behind in
the nonpolar phase and bringing the QDs to the polar phase, have
been reported by several groups.”'"”"*"'® These inks are desirable
because a single deposition step can be used to obtain films of the
desired thickness, and also these layers appear less prone to form
cracks during solvent evaporation.'”'® Ligands such as metal chalco-
genide complexes, thiols, (pseudo)halides, metal halides, and more
recently (hybrid) metal halide (ABX;) ligands'’ have been reported.
Besides their chemical compatibility with the surface of Pb chalco-
genides, the rise of metal halide ligands is linked partially to their
excellent optical and electronic properties as standalone materials,
and also several studies have shown a good lattice match with chalco-
genide QD materials, such as PbS.”’ Pb-based perovskites have been
the most widely studied ligands, but also other metal ion complexes
based on Sn**, Mn?*,”' In**,”” and Bi***>** have recently been stud-
ied as alternatives. Bi, in particular, has been recently reported as
a metal jon that can be used to form an interesting perovskite and

25-2C

perovskitelike materials.™

Recently, Sytnyk and co-workers reported the preparation and
characterization of high-quality perovskite shelled PbS QDs featur-
ing high carrier mobility, and excellent results in photoconductor
applications. Their experiments on octahedral metal halide clusters:
(MA")6_y [M* Halg]®™~ with (MA = methylammonium, M**
=Pb*", Bi’", Mn?", In>*, and Hal = CL, I) resulted in MA3Bils coated
PbS based devices showing the best performance—an observation
they attributed to the low lattice mismatch of ca. —1%, which resulted
in the most efficient passivation of the PbS core. Interestingly, this
same Bi-based ligand shelled QD displayed a full quenching of the
photoluminescence (PL) when in solution, which was interpreted as

ARTICLE scitation.org/journalljcp

due to the formation of a staggered heterostructure between the PbS
core and the (Bilg)™ clusters.””’ This is in contrast with what has
been reported for Pb-based perovskite shelled QDs, which display
similar PL (peak position and lifetimes) to OA-capped QDs in solu-
tion."" In addition, the PbS inks using (PbI3)™ as aligand have shown
very good performance as active materials in solar cells and field
effect transistors.'”'*"** For this reason, the surprising behavior of
the Bi-based PbS QD ligand warrants further investigation.

In this study, two Bi-shelled PbS QD inks were synthesized
using a modified procedure reported by Sytnyk et al.”’ These are
expected to have compositions of MA3Bilg and MA3BiyIo, the for-
mer was also studied by Sytnyk and co-workers, while the latter was
not reported earlier as a PbS ligand although the MA3;BiyIy Per-
ovskite was used as an active layer for solar cells” and as a light
emitter.”

EXPERIMENTAL
Ink preparation

PbS QDs were synthesized in a similar manner to that reported
elsewhere.”” Solution-state ligand exchange was performed by using
a modified recipe from Sytnyk et al.”’ In a typical procedure, 50 mM
ligand solution in 10 ml DMF was prepared by mixing MAI and
Bil; in a 3:1 ratio for MA3Bilg, or in a 3:2 ratio for MA;BizIy. In
both cases, the ligand solution turns red upon stirring and heat-
ing at 100°C on a hot-plate. After cooling, the ligand solution
was mixed with 10 ml of hexane dispersion of oleate-capped PbS
CQDs with a concentration of about 5 mg/ml. The mixture was
stirred until the CQDs transformed into the polar phase. Then, the
top phase was discarded and the polar phase was washed 3 times
with 10 ml of hexane. The Bi-shelled PbS CQDs were then precipi-
tated by the addition of toluene and collected by centrifugation. The
supernatant was removed, and the CQDs were redispersed in either
2,6-difluoropyridine (DFP) or propylene carbonate (PC) to form a
QD ink.

Absorption spectroscopy

Absorption measurements were carried out on dilute inks in
2 mm path length quartz cuvettes or on masked areas of thin films
deposited by spin-coating on quartz substrates using a dual beam
Shimadzu spectrophotometer (UV-3600). From the absorption peak
position of the OA-capped PbS QDs (~849 nm), we estimate a
particle size of approximately 2.7 nm.”

Photoluminescence (PL) spectroscopy

PL measurements were carried out by exciting (unwashed)
blade-coated samples with the 2nd harmonic of a Ti:sapphire res-
onator (A » 400 nm). Measurements were carried out in the trans-
mission mode, and the spectra were collected using a monochroma-
tor with 30 lines/mm and were recorded using an ANDOR InGaAs
inline detector (iDUS-1700). The laser spot on the sample was
focussed via a 15 cm focal length lens, resulting in a diameter of
approximately 100 ym.

For power dependent measurements, a neutral density filter
wheel was used to vary the excitation power on the sample; for
temperature dependent measurements, a cryostat equipped with
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flow and temperature controllers (Oxford Instruments) was used
with liquid helium. All the recorded spectra were corrected for the
response of the setup using a calibrated lamp.

Field effect transistor (FET) fabrication
and measurement

The substrates for FETs consist of highly doped Si with ther-
mally grown 230 nm SiO; as a gate dielectric. Prepatterned ITO/Au
electrodes served as a source and a drain electrode and formed
a channel of 1 cm width and 20 ym length. The substrates were
cleaned by consecutive sonication in acetone and isopropanol, dried
in an oven, and treated by oxygen-plasma for 3 min before QD
film deposition. The QD films were deposited by spin coating the
ink of ligand-exchanged QDs in 2,6-difluoropyridine (DFP) at 1000
rpm after which the films were washed with methanol. The films
were annealed for 20 min at 120 °C after the fabrication and then
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analyzed using an Agilent E5262 semiconductor parameter analyzer.
All transistor fabrication and measurements were performed in a
nitrogen-filled glovebox.

RESULTS AND DISCUSSION

Figure 1(a) shows a schematic representation of the phase-
transfer ligand exchange process employed to make the inks, as
well as the layouts of samples for PL spectroscopy and FET mea-
surements. Figures 1(b) and 1(c) show the absorption spectra of
the Bi-based inks (in DFP) and thin films. We note that the Bi-
based inks display a weaker excitonic peak compared to the OA-
based reference sample. This (inhomogeneous) broadening of the
excitonic peak is likely due to the changes in the surface passiva-
tion upon OA removal; furthermore, the variation of the solvent
and consequently of its polarity (DFP has a dielectric constant of
107.8) can also explain this effect, as it has been observed by other

stirring, washing,
precipitation & centifugation

Bi-Perovskite Shelled
PbS QDs in DFP or PC

blade/spin
coating
QD film
Quartz Subtrate
1.00 v v v v v r
—— PbS-0OA
. —— PbS-MA,Bil;
O o —— PbS-MA,Bi,,
o
C
O o050} :
a
o Thin Films
_8 0.25F L
<
0.00

400 500 600 700 800 900 1000 1100

Wavelength (nm)

FIG. 1. (a) Scheme of the phase transfer ligand exchange process. (b) Absorption spectra of the OA-capped PbS QD solution (in hexane) and Bi perovskite shelled PbS QDs

in DFP. (c) Corresponding spectra of thin films on quartz substrates.
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authors.'®”” When thin films of the QDs are cast onto quartz sub-
strates, once again, the Bi-based samples do not display a clear exci-
tonic peak, unlike the OA-based sample. In this case, the absence
of the excitonic peak is expected to result from a changed dielec-
tric environment and closer electronic coupling between adjacent
QD g 18,38

The photoluminescence spectra of the inks are shown in
Fig. 2(a). The Bi-perovskite shelled inks display broad peaks along
with a tail at longer wavelengths, and such broad spectra in solu-
tion are peculiar, in particular, when compared with the parent OA-
based sample that displays a narrow peak at 995 nm without any sub-
bandgap emission or signs of extensive polydispersity. The dips in
the solution PL spectra at ~1035 nm are due to the absorption of the
(relatively weak) PL from the QDs by the solvent (DFP). While broad
PL spectra have been reported for several ligands such as TBAI, EDT,
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and MPA,” *' these apply to thin films and not to inks or solutions.
These broad low energy features in the Bi-based samples seem to
indicate clustering of the QDs driven by excess ligands. When cast
into films via blade coating, the PL peaks for both Bi-based samples
resemble the OA-based reference sample very closely [see Fig. 2(b)];
with an approximately 20 nm redshift relative to their main peaks in
solution, it should be noted that the films are unwashed. This leads
to the question: What determines the large variation in the shape of
the Bi-shelled samples?

To gain more information about the electronic properties of
the Bi-perovskite shelled QDs, field effect transistors were fabricated
on Si/SiO; substrates, and the output characteristics are shown in
Figs. 2(c) and 2(d). The extracted linear mobility values (1.4 x 107>
and 1.4 x 107> cm? [V s]7! for the MA3Bils and MA3Bi,Io-shelled
QDs, respectively), although lower than recent records for LbL PbS

Thin Films

0.00

900 1000 1100 1200 1300 1400
Wavelength (nm)
( ) 10 T T T T T T T 10
MA,Bi,lg -~
8| 18
< 6} {6
o
— 14
42
X A 0
60 -40 -20 0 20 40 60
Vp (V)

FIG. 2. Steady-state photoluminescence spectra of OA-capped and Bi-perovskite shelled PbS QD solution/inks (a) and thin films on quartz—note that the spectra of PbS-OA
and PbS-MA;Bils are superposed (b); output curves of field effect transistors based on (c) MA3Bilg and (d) MA3BIi,lg shelled QDs.
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QD FETs,"” are encouraging first results for Bi-perovskite shelled
PbS-QD thin films, and compare favorably with mobilities of other
PbS inks, such as those with ligands such as MAPbI3, MPA, and
halides.'***** More importantly, these results confirm the removal
of the native OA based ligands without which transport is essen-
tially impossible.””"® As can be seen by the higher drain currents
in the n-channel from the output curves, the FETs display more
electron-dominant transport. This is also reflected in the transfer
curves depicted in Fig. S1.

Temperature-dependent PL measurements are an impor-
tant tool to gauge more physical information about QD solids.
Figure 3(a) shows the strong temperature dependence of the PL
from reference thin films of OA-capped QDs. The PL at room tem-
perature (RT) exhibits a single peak at ~1040 nm with a FWHM
of 123 nm. When the temperature is decreased, the PL emission
becomes stronger, as has been variously reported before in PbX
QDs.”** At 5 K, it is already more than double in intensity and
the FWHM has decreased to ~91 nm. Another consequence of

—
QO
~

(b) =

decreasing the temperature is a bathochromic shift of the emission
from RT to 5 K (1040 nm-1069 nm). This red shifted PL emis-
sion can be explained as an interplay between the thermal expan-
sion of the QDs described by a size-dependent temperature coef-
ficient and temperature-mediated interactions between phonons
and charge carriers as well as the effect of confinement energy
on the effective masses of carriers."”"’ The increasing PL inten-
sity and decreasing FWHM at low temperature are a consequence
of reduced electron-phonon scattering due to the reduced num-
ber of lattice vibrations at low temperature, which is known to
result in quenching of excitons.’® The evolution of the FWHM and
peak position as a function of temperature are shown in Figs. 4(a)
and 4(b).

For the Bi-perovskite capped PbS QD films, the tempera-
ture dependent PL spectra are shown in Figs. 3(b) and 3(c) -
with RT peak positions at 1042 nm and 1037 nm for the [Bils]*~
and [BizIo]*~ samples, respectively; and FWHM values of 127 nm
and 123 nm. Similar to the OA-based reference sample, there is

0
v C)
PbS-MA,Bil;

PbS-MA,Bijl,

250 250 250
X 200 200 200
(0]
—
2
© 150 150 150
—
(0]
£
S 100 100 100
|_
50 50 50
1000 1200 1400 1600 1000 1200 1400 1600 1000 1200 1400 1600
Wavelength (nm) Wavelength (nm) Wavelength (nm)
()Y (<) R
Lo @5K
2
= PbS-OA - ‘3 | PbS-OA ]
% o PbS-MA:Biyly \ T, =231K § Et;z-mssgi
1 Tq=136K  \(19.9 meV)| < -MABislg
0 11.7meV
7 ( ) "
el
2 - - .
S|  Pbs-MABIL £
o) (@)
2 | Ty=89K (7.7meV) ! >
- o0
[ 1 1 1 1 1 0 D1 1 1 1 1 1 1 1
50 100 150 200 250 300 900 1000 1100 1200 1300 1400 1500 1600

Temperature (K)

Wavelength (nm)

FIG. 3. Temperature dependent PL plots of (a) OA-capped PbS QDs, (b) PbS-MA;3Bils QDs, and (c) PbS-MA;Bizlg QDs. (d) Integrated PL intensity vs temperature plots of
the OA and Bi-shelled PbS QDs fit to Eq. (1) with obtained values for the quenching temperature, Tq and (e) representative PL spectra of the samples at 5 K.
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a bathochromic shift of the PL as temperature decreases together
with a corresponding increase in the PL intensity (by a fac-
tor of ~5 between RT and 5 K in both cases), i.e,, a quenched
PL is obtained as temperature goes up from 5 K. Temperature-
mediated PL quenching is usually quantified in terms of a Boltzmann

model,”’

1
1+exp[(T - To)/g)’

where Ip; is the integrated PL intensity (normalized, in this case);
Tq and ¢ are fit parameters representing the quenching tempera-
ture and rate, respectively. Tq can be interpreted as the temperature
associated with thermal quenching of excitons, and ¢ represents a
quenching rate associated with Tq. In general, a higher Tq is nec-
essary for better stabilization of excitons and more efficient PL.”°
From the fits shown in Fig. 3(d), we obtain T values of 89 K,
136 K, and 231 K, corresponding to thermal energies (required for
the nonradiative quenching of excitons) (i.e., kgTq) of 7.7 meV,
11.7 meV, and 19.9 meV for the [Bils]*~, [BiIs]*~, and OA capped
samples, respectively. Figure 3(d) shows a comparison between the
shapes of the PL of the samples at 5 K, as can be inferred from
Figs. 3(b) and 3(c), the Bi-capped samples display a broad emis-
sion feature at lower energies in addition to the main peak. This
behavior is all the more interesting since the same batch of OA-
capped PbS QDs display very different behavior when Pb-based per-
ovskite ligands (MAPbI3z and MA4Pblg) are used [see Fig. S2 for their
corresponding temperature-dependent PL spectra in contrast with
Figs. 3(a)-3(c)].

This important feature of the temperature dependent PL spec-
tra of the Bi-perovskite capped thin films initially emerges below
approximately 100 K. A similar behavior has been observed in
both thiol- (EDT, MPA) and I"-capped PbS QDs, and is attributed
to radiative recombination from shallow below bandgap trap
states.”””" Such an emission is absent in the reference OA-capped
QD film, presumably because it passivates the QDs efficiently;”” this
can be seen from the PL shape, which remains unchanged at both
5 K and RT [see the supplementary material, Figs. S3(a)-S3(c)].

Ip(T) = (1)

This indicates that the source of the trap states is the surface of the
QDs. Furthermore, we can infer that these traps are induced by the
ligand exchange process’”” and that the Bi-shelled QDs are not well
passivated.

Turning our attention to the Bi-based PbS QD films, we per-
formed power dependent PL measurements at both RT and 5 K. The
Bi-perovskite shelled samples display changing spectra as a func-
tion of excitation power, showing a trap-filling mechanism occur-
ring at these temperatures as the excitation power is increased [see
Figs. S4(c)-S4(f)]. Figure 5 shows a plot of the integrated PL inten-
sity vs the excitation power density for the three samples both at
room and low temperature. The slope of the measured data is the
fit to a power law relation of the form™

Ip (P) = yP*, )

where Ipr, P, and « represent the integrated PL intensity, excitation
power density, and a recombination exponent, respectively. # rep-
resents an empirical “catch all” term, which encompasses the PL
quantum yield, absorption, sample geometry, etc. The recombina-
tion exponent, «, is generally expected to fall between 1 for exci-
tonic recombination and 2 for bimolecular recombination between
uncorrelated electron-hole pairs.

It is important to note that the excitation power density of the
Bi-shelled samples is over two orders of magnitude higher than that
of the OA-capped one. Much higher PL signals from the reference
OA-capped sample were obtained, which is further evidence for the
lower amount of nonradiative recombination sites in the well pas-
sivated OA-sample. An additional important consideration is that
the occurrence of energy transfer has been reported in the case of
OA-capped QDs.” Thus, in QDs with shorter ligands, energy trans-
fer is expected to be more effective, increasing the probability of
nonradiative recombination.

As mentioned earlier, the solid lines in the plots shown in
Fig. 5 represent the best-fit to Eq. (2). As expected, a of the OA-
reference sample is approximately 1 at both 5 K and RT, and the
n values remain very similar (5.52 and 5.20, respectively) at both
temperatures, indicating a predominantly excitonic recombination
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values for o and # from Eq. (2).

mechanism with a slightly increased PL efficiency at 5 K compared
to RT. For the Bi-based samples, on the other hand, a few interesting
differences can be seen: the first is that although the recombination
mechanism remains excitonic in nature (« around 1), at 5 K it is
lower (0.88 in both cases) than that at RT (0.95 and 1.02 for [Bilg]*>~
and [Bi219]37, respectively).
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This is in good agreement with the earlier observations of
the emergence of a broad emission feature below the bandgap at
low temperatures, which leads us to conclude that such below gap
radiative states are indeed traplike. At RT, such PL signals are absent,
which reflects in a higher « value since the low temperature emission
represents a loss mechanism to the mean excitonic emission peak.
The second observation that can be made is that the # parameter
varies significantly between RT and 5 K for both the [Bils]*~ sam-
ple (0.59 and 2.18 at RT and 5 K, respectively) and [BizIo]*~ (0.29
and 2.08 at RT and 5 K). This large difference (7 is on a log scale;
thus, a difference of Ay = 1 represents an order of magnitude dif-
ference in PL efficiency, under the assumption that all changes are
temperature dependent) strongly shows that the PL efficiency of the
Bi-based samples is much lower than that of the OA-based reference
films, especially at RT.

A similar sublinear power dependence (a < 1) of the inte-
grated PL of ligand-exchanged PbS films at low temperatures was
reported before;”””! such observations, together with the assertion
of an increased carrier lifetime at low temperatures reported before
for both PbS* and PbSe”” QDs, point toward either a redistribu-
tion of the excited state population from bright (highly radiative)
exciton states to dark (relatively lower radiative) states or to a chang-
ing nonradiative decay rate with temperature. This harkens to the
assertion of a strong sensitivity of the surface of the Bi-shelled
PbS QDs to the quality of passivation, as seen in several studies
with other passivating ligands, and implies that there is still much
room for further development of these Bi-perovskite shelled QD
solids.

CONCLUSION

We report herein FET and PL measurements on Bi-shelled
PbS inks and solids. Our PL measurements on thin films reveal
the presence of sub-band gap radiative states, which become visible
at temperatures below ~100 K, an observation supported by pre-
vious studies on PbS-QDs. Using temperature dependent PL mea-
surements, we obtain quenching temperatures (energies) of 231 K,
89 K, and 136 K for the PbS-OA, PbS-MA3Bilg, and PbS-MA3Biz 1o
samples, respectively. From power-dependent measurements, we
show that the PL efficiency of the OA samples is much higher than
that of the Bi-shelled ones, which suffer from traps, most likely
formed at their surfaces during the phase-transfer ligand exchange
process. Nevertheless, the results from electrical measurements on
FETSs show the successful removal of the native-OA ligands, display-
ing electron dominated transport with modest mobilities of around
1072 cm? [V s]™"' - comparable to the reported values for epitaxial
Pb-based shelled samples. These results improve our understanding
of Bi-perovskite shelled PbS QD solids, which are contenders for
diverse optoelectronic applications such as absorber layers in solar
cells and photodetectors.

SUPPLEMENTARY MATERIAL

The supplementary material contains output curves of the stud-
ied field effect transistors (FETs), T-dependent PL contour plots of
QDs shelled with Pb-based ligands (MAPbI3 and MA4Pblg), and
temperature and power dependent PL spectra of the Bi-shelled QDS
and the reference sample at selected temperatures, as well as a
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table containing PL quenching parameters of the reference OA and
perovskite-shelled samples.
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