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Introduction

Understanding the charge transfer mechanism in
CsPbBr; nanocrystals and nitrogen-doped carbon
quantum dot heterostructures: effect of
nanocrystal encapsulationt

Smaranika Ray,? Mihir Ranjan Sahoo,® Susmita Mukherjee,© Ajay Perumal,®
Saroj K. Nayak ©° and Saikat Bhaumik & *2

Recently, lead halide perovskite nanocrystal (NC)-based heterostructures have demonstrated significant
promise in various research areas, including solar cells, CO, reduction, and photocatalysis. These hybrid
structures have also played a crucial role in advancing our fundamental conception of charge transfer
mechanisms occurring at the interface. A thin shell around the NCs is not suitable for the formation of
stable and luminescent materials. However, such NCs are suitable for solar cells, LEDs, CO, reduction,
and photocatalytic applications due to higher carrier mobility. Thick-shelled NCs are highly stable but
hinder charge transport among the NCs which is beneficial for bio-imaging and color-converted LED
fabrication. So, understanding the mechanism of charge transport among the NCs dependent on the
shell materials is important. Here, we synthesized CsPbBrz NCs with various coating materials to vary the
effective distance between the perovskite and nitrogen-doped carbon quantum dots (NCQDs) to
understand the charge transfer process among them. We encapsulated the NCs with different coating
materials (i.e., oleic acid, oleylamine, polyvinylpyrrolidone, and silica) such that the thickness of the NCs'
shell can differ. We observed that the charge transfer rate between thick-shelled NCs and NCQDs is
slow. The faster charge transfer among the thinner-shelled NCs and NCQDs is feasible due to the
bonding of the N-state of NCQDs with Pb-atoms of the CsPbBr3 structure. The density functional theory
(DFT) calculations of the heterostructure indicate that the electron acceptor state of the N-atom in
NCQDs lies below the conduction band of perovskite NCs, which is accountable for such charge
transfer. This study has immense significance as it provides crucial insights into the design and
application of heterostructures, which can be extended to various novel opportunities for progress and
innovation.

absorption coefficient, feasible bandgap tunability, high pho-
toluminescence quantum yield (PLQY), narrow emission full-

Recently, all inorganic CsPbX; (X = I, Br, Cl) perovskite nano-
crystals (NCs) have evolved as promising materials that express
great potential in numerous optoelectronic applications, such
as LEDs, photovoltaics, photodetectors, lasers, sensors, etc. The
perovskite NCs exhibit some fascinating properties, like huge
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width half maxima (FWHM), favorable carrier mobility, and
easier solution processability."”” The color tunability of the NCs
can be achieved by adjusting the size, shape, composition, and
crystallinity of the NCs. CsPbBr; NCs are typically crystallized
into cubic, orthorhombic, or monoclinic perovskite
structures.®*'® Among them, cubic and orthorhombic structures
remained stable at high temperatures (>130 °C), while the
monoclinic structure is stable at room temperature. The
CsPbBr; NCs are usually synthesized by either hot injection or
ligand-assisted re-precipitation (LARP) synthesis methods."*>
The hot-injection process requires an inert atmosphere,
a comparatively higher reaction temperature (>150 °C), and it is
a time-consuming process. On the other hand, the synthesis of
the NCs can be achieved via the room-temperature LARP
synthesis technique under an open atmosphere, which facili-
tates the growth of different sizes and shapes of NCs.*>*?
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Besides their unique features, poor structural stability of the
perovskite materials against air, moisture, and heat impedes
practical implementation in real-world applications. Perovskite
materials degrade due to their inherent ionic nature and
encapsulation of the surface atoms with loosely bound dynamic
organic ligands [i.e., oleic acid (OA) and oleylamine (OAm)].****
Many efforts have been implemented to improve the NCs'
stability and emission intensity. Bhaumik et al. synthesized
MAPDBr; core and high bandgap octylammonium lead bromide
[(OCA),PbBr,] shell for the formation of core@shell type NCs via
LARP synthesis technique that showed better structural stability
and emission intensity.'® Doping with different metal ions (e.g.,
Zn, Mg, RbD, etc.) inside the perovskite structure and also
encapsulation of the NCs with various stable coating materials
(e.g., metal oxides, metal chalcogenides, polymers, metal-
organic frameworks, etc.) were found to be some of the effective
ways to improve the NCs' stability and photoluminescence (PL)
intensity."”** Double-coated NCs exhibit superior emission
properties and better stabilities which are suitable for various
applications.”**

Heterostructure materials play a crucial part in the devel-
opment of semiconducting industry. The combination of
different semiconducting materials with variable band posi-
tions resulting in the formation of suitable heterostructures
that enable formation of various optoelectronic devices and
photocatalytic applications.”>* The charge carriers can be
confined within specific regions of the heterostructures by
manipulating the energy levels of the semiconductors. Many
devices, such as solar cells, photodetectors, and transistors were
fabricated from heterostructure materials, where band align-
ment at the interfaces plays a significant role. Recently, several
heterostructures were synthesized among CsPbBr; NCs and
different metal chalcogenide semiconductors (ZnS, CdS, PbS,
etc.) which possess either type-I or type-1I band alignments.?**
Such heterostructures demonstrate excellent emission and
carrier transport properties. Heterostructures made of CsPbBr;
NCs and 2D structured materials (e.g., graphene oxide, MXene,
MoS,, etc.) exhibit efficient optoelectronic properties, higher
photoresponse, and excellent CO, reduction capability.**-**

However, the properties of CsPbBr; NCs and carbon
quantum dots (CQDs) heterostructure system of were not much
explored. The optical properties of CQDs can be tuned by
nitrogen doping which forms electron acceptor states below the
conduction band.*® Such electron acceptor states in nitrogen-
doped carbon quantum dots (NCQDs) facilitate the charge
separation in the heterostructure. The dependency of NCs' shell
thickness and the bonding between the two materials that are
responsible for such charge separation are not explored. In this
regard, we studied the charge transfer mechanism of a hetero-
structure formed by mixing Zn-doped CsPbBr; NCs and NCQDs.
We synthesized Zn-doped CsPbBr; NCs via LARP synthesis
method and NCQDs were prepared by hydrothermal method.
We observed that the PL quenching of the perovskite NCs due to
the heterostructure formation with NCQDs. We explored the
dependency of charge transfer rate among them with a varying
shell thickness around the Zn-doped CsPbBr; NCs. We carried

out time-resolved PL spectroscopy (TRPL) and density
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functional theory (DFT) studies to understand the PL quenching
mechanism in the heterostructure system. Additionally, we
have investigated the more robust bond formation between the
surface of CsPbBr; and NCQDs, which leads to charge transfer
inside the heterostructure.

Experimental section

Materials required

CsBr (99.99% trace metals basis), PbBr, (99.99% trace metals
basis), ZnBr, (99.9%, trace metal basis), citric acid monohydrate
(CA, ACS reagent, =99.0%), o-phenylenediamine (0-PDA,
99.5%), N,N'-dimethylformamide (DMF, anhydrous, 99.8%), (3-
aminopropyl)trimethoxysilane (APTMS, 97%), poly(-
vinylpyrrolidone) (PVP, avg. M, ~40000), OA (90%), OAm
(70%), toluene (anhydrous, 99.8%), and acetonitrile (ACN,
99.95%) were purchased from Sigma Aldrich company. #-Octy-
lammonium bromide (OCABr, 99%) was purchased from
Greatcell Solar Materials company. Ethanol (absolute for anal-
ysis, 99%) was purchased from Merck company. All chemicals
were used without further purification.

Synthesis of OA-OAm capped Zn-doped CsPbBr; NCs

OA-OAm capped Zn-doped CsPbBr; NCs were synthesized by
the modified LARP method under normal atmospheric condi-
tions.'® At first, four precursor solutions were prepared in
separate glass vials by dissolving 0.16 mmol CsBr, 0.16 mmol
PbBr,, 0.16 mmol ZnBr,, and 0.16 mmol of OCABr in 2 mL of
DMF. The precursor solutions were mixed properly via vigorous
stirring to complete the dissolution of the salts. Then, the final
precursor was attained by mixing 800 uL of CsBr precursor, 200
uL of OCABr precursor, 1 mL of PbBr, precursor, 400 pL of
ZnBr, precursor, 100 pL of OAm, and 200 uL of OA in a separate
glass vial. Finally, 1 mL of the final precursor solution was
swiftly injected into a round bottom flask containing 20 mL of
toluene. The nucleation was continued for 15 min and then the
solution was transferred to a centrifuge tube. 4 mL of ACN was
added to the NCs solution and then centrifuged at 6000 rpm for
10 min. The supernatant was discarded and precipitation of the
NCs was redispersed in toluene for further characterization.
The purified NCs are renamed CPB@OA NCs.

PVP encapsulation around CPB@OA NCs

PVP-coated Zn-doped CsPbBr; NCs were synthesized by the
modified LARP method under room temperature.’” The final
precursor was arranged by following the previous CPB@OA NCs
synthesis process. Finally, the PVP solution (20 mg PVP dis-
solved in 500 pL of ethanol) was added to 20 mL of toluene in
a round bottom flask. Then, 1 mL of the final precursor was
injected dropwise into the flask under vigorous stirring condi-
tions and continued for 15 min. Later, 4 mL of ACN was added
to the NCs solution contained in a centrifuge tube and centri-
fuged at 6000 rpm for 10 min. Finally, the precipitate can be
redispersed in toluene for further characterization. The NCs are
renamed as CPB@OA®@PVP NCs.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of silica-coated Zn-doped CsPbBr; NCs

Silica-coated Zn-doped CsPbBr; NCs were synthesized by the
modified LARP method under normal atmospheric condi-
tions.*® The final precursor CsBr, OCABr, PbBr,, and ZnBr,
precursors were added in the same ratios to make a clear
transparent precursor solution. Finally, 20 pL of APTMS was
mixed with a transparent precursor solution to form a final
precursor solution. Then 1 mL of the final precursor was swiftly
injected dropwise in a round bottom flask containing 20 mL of
toluene under vigorous stirring. After injection, the stirring
speed was slowed down to complete the hydrolysis of APTMS
into SiO,. The NCs solution was centrifuged at 3000 rpm for
10 min. The supernatant was discarded, and the precipitate was
dispersed in ethanol for further characterization. The silica-
coated NCs are renamed CPB@SiO NCs.

Post-treatment of CPB@SiO NCs with PVP

Post-synthetic PVP treatment was carried out by adding
synthesized CPB@SiO NCs with PVP polymer under normal
atmospheric conditions. For this process, 4 mL of CPB@SiO
NCs (concentration ~10 mg mL ') was added into 20 mg PVP
polymer in a round bottom flask and continued stirring for 5
hours.?* Later, the NCs solution was centrifuged at 3000 rpm for
10 min. Then the precipitate was collected and dispersed in
ethanol for further characterization. The PVP polymer was
adsorbed into the SiO, surface and they are renamed as
CPB@SiO@PVP NCs.

Synthesis of NCQDs

NCQDs were prepared by hydrothermal method using CA as
carbon and o-PDA as a nitrogen source, respectively.* First, CA
(0.420 g, 2 mmol) and 0-PDA (0.432 g, 4 mmol) were dissolved
and sonicated in 20 mL of DI water. The clear transparent
solution was transferred into a 25 mL Teflon-lined autoclave
and heated at 160 °C for 8 hours. The autoclave was naturally
cooled to room temperature after the reaction. A brown aqueous
crude solution was formed that was centrifuged at 6000 rpm for
20 min and filtered using a 0.22 um membrane filter to remove
agglomerated particles. Finally, the solution was evaporated by
a rotary evaporator, and the precipitate was collected and
redispersed in ethanol for further characterization.

Computational details

The Vienna ab inito simulation package (VASP) code based on
plane wave density functional theory (DFT) was used to calcu-
late the structural and electronic properties of NCQDs adsorbed
on the CsPbBr; surface.””* In this work, the exchange-
correlation function was approximated with the Perdew-
Burke-Ernzerhof (PBE) version of generalized gradient approx-
imation (GGA).* A kinetic energy cut-off of 500 eV was used to
describe the plane wave basis set. A k-point grid of 3 x 3 x 1 was
chosen for self-consistent calculations for the system contain-
ing CsPbBr; slab, whereas a higher k-point grid of 7 x 7 x 1 was
considered for the analysis of the density of states (DOS).*
Using Grimme's DFT-D2 method, the van der Waals correction

© 2023 The Author(s). Published by the Royal Society of Chemistry
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was included. The threshold for energy convergence between
two consecutive steps was set to 1 x 10~* eV and the structures
were optimized until the force on each atom became less than
0.02 eV A~ A large vacuum space of 20 A was taken along the z-
direction to prevent interactions between periodic images.

Results and discussion

The UV-VIS absorption and PL spectroscopies of the NCs were
conducted in solution phase and corresponding spectra are
shown in Fig. 1a. The absorption spectra of CPB@OA and
CPB@OA®@PVP NCs (dispersed in toluene) reveal a nearly
identical pattern with an absorption peak position at around
513 nm. The bandgap value of these NCs is 2.24 and 2.27 eV, as
calculated from the Tauc plots (see Fig. Sla and b in ESIY).
These NCs also exhibit a similar PL spectrum with an emission
peak position at around 516 nm (FWHM ~22 nm). The
measured PLQY was around 56% for CPB@OA NCs and 68% for
CPB@OA®@PVP NCs. The low emission intensity of OA and
OAm-capped CPB@OA NCs is attributed to the dynamic char-
acteristics of the capping ligands that do not adequately
passivate the surface of the NCs and causes the formation of
surface trap states.">**** These trap states impede the radiative
recombination of the excitons, leading to reduced emission
intensity. However, PVP coating around the CPB@OA NCs (i.e.,
CPB@OA®@PVP NCs) reduces the surface dangling bonds and
results in improved emission intensity.*”** The absorption
spectrum of the CPB@SiO NCs reveals an absorption peak
position at 506 nm. The bandgap value of the NCs is to be
2.26 eV as calculated from the Tauc plot (see Fig. Sic in ESIf).
The PL emission peak position of the NCs is located at 511 nm
(FWHM ~25 nm) with a PLQY of 80%. The effective surface
passivation of the NCs with silica reduces defect states in the
surface and promotes excitonic radiative recombination.*3%4¢
The CPB@SiO@PVP NCs show an absorption peak position at

F.. CPB@SIO@PVP

(b)

~ g CPB@Si0
= }._CPB@sio = ~~
e T — [+
L - —
b 4 8 b CPB@OA@PVP
—
Z = = l
b 7]
S [~ gesorere £ 2L _hu
- L S = Q :
I I ) - CPB@0OA
- 7.} =
— = b
=9 < | X
_\E["B‘@OA | oy 010 Monoclinic CsPbBr,
e Ceman 00 (002) 202
= (121) (202)
.(a) 4 l

@11) (210)

il hd B

15 20 25 30 35 40 45
20 in degree

400 450 500 550 600

Wavelength (nm)
Fig. 1 (a) UV-VIS absorption (dotted red lines) and PL (solid blue lines)
spectra of different NCs as marked in the figure. (Inset) photographic
image of all NCs solutions under a UV lamp. (b) XRD diffraction
patterns of different NCs as marked in the figure. The bottom of the
figure represents the standard diffraction pattern of the monoclinic
CsPbBr3 crystal structure.
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505 nm and PL emission peak at 508 nm (PLQY ~84%). The PVP
passivation around the CPB@SiO NCs (i.e., CPB@SiO@PVP
NCs) leads to a minor blue shift in the PL emission spectrum,
potentially indicating the quantum confinement effect on the
charge carriers inside the NCs.

The X-ray diffraction (XRD) measurement of the NCs were
performed in the thin film form for analyzing the phase purity
and the diffraction patterns are represented in Fig. 1b. The XRD
diffraction patterns of all the NCs match quite well with the
standard diffraction spectrum of the monoclinic CsPbBr; phase
(JCPDS #00-18-0364). The diffraction peaks at the angles of
14.8°, 21.1°, 26.1°, 30.3°, 34.0° for all NCs, correspond to the
(001), (110), (111), (002), (210) lattice planes of the monoclinic
perovskite phase.'®** Additional peaks at 37.3°, and 43.5° are
also visible for both silica-coated NCs (i.e., CPB@SiO and
CPB@SiO@PVP NCs) from (121) and (202) lattice planes of
same monoclinic phase. A slight shift in XRD peaks towards
a lower angle is noticed as compared to standard diffraction
pattern of monoclinic CsPbBr; phase, which can be attributed
due to the contraction of the perovskite crystal structure while
substituting Pb lattice sites with comparatively smaller Zn-ions
in the perovskite structure.®*” For the confirmation of the
presence of Zn-ions in CsPbBr; NCs, we conducted X-ray
Photoelectron Spectroscopy (XPS) measurement. The full XPS
spectrum shows the presence of Zn 2p, Br 3d, Pb 4f, and Cs 3d
chemical states as represented in Fig. S2a.{*® The XPS peaks
appeared at 1022.47 eV (2p,, state) and 1045.6 eV (2pz), state)
confirming the presence of Zn-ions in the CsPbBr; crystal lattice
(see Fig. S2bf¥).

The transmission electron microscopy (TEM) images of the
CPB@OA and CPB@OA®@PVP NCs are represented in Fig. 2a
and b, respectively. The images reveal a cubical shape of the
NCs. The CPB@OA NCs have slightly irregular bigger particle
size distributions due to the tendency of agglomeration among
the other NCs.**** However, the PVP coating on CPB@OA NCs
reduces the agglomeration effect and maintains uniform and
well spreads particles.”* The average edge size of the NCs is
distributed within the range of 10-20 nm. The inter-planner

0.6 nm

Fig. 2 TEM images of (a) CPB@OA, (b) CPB@QOA@PVP, (c) CPB@SIO,
and (d) CPB@SiO@PVP NCs. Insets: HRTEM images of respective NCs.
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spacing of both these NCs was measured from the corre-
sponding HRTEM images (inset of Fig. 2a and b). The calculated
lattice spacing is calculated to be ~0.43 nm, corresponding to
the (110) lattice plane of the monoclinic CsPbBr; crystal struc-
ture.”* The TEM image of CPB@SiO NCs (see Fig. 2c) shows
asymmetrical particle sizes because the silica shells diffuse
among themselves and transform into bigger NCs. The slightly
blurred surface of thickness 3-5 nm around the NCs appears
from the growth of compact silica shelling.>*** The encapsula-
tion of PVP around silica-coated NCs (i.e., CPB@SiO@PVP NCs)
slightly prevents the NCs agglomeration. The CPB@SiO and
CPB@SiO@PVP NCs exhibit similar inter-planar spacing of
~0.6 nm, which resembles (100) lattice planes of monoclinic
CsPbBr; phase (inset of Fig. 2¢ and d).*®

Fourier transform infrared (FTIR) of the NCs was performed
to understand the attachment of different shelling materials
around the NCs surface. The spectra of the NCs are represented
in Fig. S3 (in ESIT). The FTIR spectrum of CPB@OA NCs reveals
different peaks located at 1492 and 3033 cm ™' that are corre-
sponding to -COO and -OH functional groups in OA capping
ligands, respectively.'® An additional peak located at 723 cm ™"
originates from CH deformation of cis-disubstituted alkenes of
OAm capping ligands. These results suggest the presence of OA
and OAm capping ligands around both CPB@OA and
CPB@OA®@PVP NCs. Along with these peaks, some additional
peaks are noticed at 1458, 1609, and 3039 cm ' in
CPB@OA®@PVP NCs that invent from C-H, C=O stretching
vibrations, and asymmetric CH, groups present in the PVP
polymer.®*** The peaks present at 1066 and 867 cm ' in
CPB@SiO NCs are attributed to the asymmetric stretching of
the Si-O-Si bonds and symmetrical stretching vibrations of the
Si-O bonds, respectively which reveals the hydrolysis of silica
around the CsPbBr; NCs.**** The FTIR spectrum of
CPB@SiO@PVP NCs exhibits similar peaks as observed for
CPB@SiO NCs. However, an additional absorption peak
appeared at 1451 em™' that conforming the C-H bending
vibrations of PVP polymer.>

The UV-VIS and PL spectra of NCQDs are demonstrated in
Fig. 3a. The UV-VIS spectrum of NCQDs shows strong absorp-
tion peaks at 310 and 378 nm attributed to n-m* transitions,
suggesting the absorption by surface groups containing
nitrogen or oxygen in the NCQDs.”® Two characteristic peaks
272 and 278 nm are also appeared which ascribed to the m-m*
transitions of C=C and C=N bonds, respectively.>”*® The PL
spectrum of NCQDs reveals a wide-ranging emission spectrum
centered at 460 nm (FWHM ~100 nm). The NCQDs solutions
appeared colorless under the sunlight and emitted blue fluo-
rescence while placed under a UV lamp (see inset of Fig. 3a). The
NCQDs retain their PL intensity for up to six months while
dispersed in ethanol, demonstrating excellent chemical and
optical stability. The XRD diffraction pattern of NCQDs film
displays a broad diffraction peak centered at around 23° (see
Fig. 3b), representing the characteristics diffraction pattern of
amorphous carbon. The FTIR spectrum of NCQDs is shown in
Fig. 3c. Two vibrational peaks appeared at 3685 and 3668 cm ™"
arising from O-H and N-H stretching, respectively. A broad
peak originating in the range of 2989-2895 cm * is ascribed to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) UV-VIS absorption (red line) and PL (blue line) spectra of

NCQDs. Inset: photographic image of NCQDs in ethanol while placed
under a UV lamp. (b) XRD diffraction pattern, (c) FTIR spectrum, and (d)
TEM image of NCQDs.

the C-H saturated hydrocarbons. The additional peaks located
at 1474, 1397, and 1231 cm ! are attributed due to C=0, C-N,
and C-O stretching vibrations of NCQDs, respectively.*>®® The
TEM image reveals the spherical shape of NCQDs having
a nearly uniform particle size distribution in the range of 3-
5 nm (see Fig. 3d). The presence of N-atoms in NCQDs is
identified from FESEM-EDS mapping as depicted in Fig. S4 (see
ESIT). The atomic weight percentage was calculated to be
around 58.33% for C-atoms, 12.99% for N-atoms, and 28.68%
for O-atoms for the NCQDs film.

We took each perovskite NCs solution in 2 mL solvent such
that the absorbance peak value of the NCs was maintained at
0.1. Then we added different volumes of NCQDs solution (conc.
~7 mg mL™") in the respective perovskite NCs solutions and
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Fig. 4 Variation in UV-VIS spectra of (a) CPBQOA, (b) CPB@OA@PVP,
(c) CPB@SIO, and (d) CPB@SIiO@PVP NCs, after addition of different
volumes of NCQDs, as shown in legends.
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recorded the UV-VIS absorption (see Fig. 4) and PL spectra (see
Fig. 5a-d) of the mixture. The absorption peak positions of both
CPB@OA and CPB@OA@PVP NCs are located at around
510 nm. There are no significant changes in the peak positions
of the NCs are observed after addition of NCQDs in the
respective NCs solutions. However, significant enhancements
in absorbance value in the range of 300-400 nm are noticed,
corresponding to characteristic peaks of NCQDs. With
increasing the volume of NCQDs in the mixture, the absorbance
of NCQDs also rises proportionately, but there is no change in
absorption spectrum of perovskite NCs. Similar characteristics
were also observed when NCQDs were mixed with CPB@SiO
and CPB@SiO@PVP NCs. These results suggest that the NCQDs
do not degrade the perovskite crystal structure. We also noticed
that the addition of NCQDs in perovskite NCs resulted in
a reduction in the PL intensity of the NCs. Among them, the PL
intensity of OA-OAm capped NCs decreases faster as compared
to silica-coated NCs. The comparison plot of all NCs' PL inten-
sity versus NCQDs concentration is shown in Fig. 5e. The Fig. 5f
represents the photographic images of all NCs solutions placed
under a UV lamp with and without NCQDs. It can also be seen
that by increasing the volume of NCQDs, the PL intensity of the
perovskite NCs quenches proportionately. With the incorpora-
tion of 25 pL of NCQDs, the PL intensities of CPB@OA,
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CPB@OA@PVP, CPB@SiO, and CPB@SiO@PVP NCs are
retained as about 9%, 11%, 54%, and 90% of their respective
original PL intensity values, respectively.

To further understand the charge carrier recombination
dynamics, we performed time-correlated single-photon count-
ing (TCSPC) of the bare NCs and heterostructures (see Fig. 6a-
d). The fitting parameters of the PL decay plots for all NCs are
represented in Tables S1-S4 in ESI.t The 7, value is associated
with trap-assisted recombination involving defects, whereas 7,
value is attributed to excitonic radiative recombination of NCs,
as shown in Fig. S5 (in ESIT).%*"%2 The trap states originate from
halide vacancies present at Pb interstitials and outmost surface
of the NCs. The lesser number of defect states leads to lower
non-radiative recombination depicting a higher excited lifetime
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Fig. 6 TRPL decay spectra of (a) CPB@OA, (b) CPB@OA@PVP, (c)
CPB@SIO, and (d) CPB@SIO@PVP NCs before and after addition of
different volumes of NCQDs, as shown in legends. (e) The decrease in
PL lifetime, and (f) Stern—Volmer plot of these NCs over addition of
different volumes of NCQDs, as shown in legends.
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of excitons. The lifetime decay of charge carriers for different
NCs with the addition of NCQDs is shown in Fig. 6e. The
average PL decay lifetime of OA-OAm capped CsPbBr; NCs is
comparatively small (6.21 ns). It can be noticed that the decay
lifetime value increases with PVP shelling around the NCs,
which signifies the effective surface passivation of the NCs and
increases radiative recombination. The PL decay lifetime of
silica-coated CsPbBrj; is 13.29 ns which is longer than OA-OAm
capped NCs, implying the dense silica coating around the NCs.
The decay lifetime of the NCs further increases with PVP
coating. The average PL lifetime of CPB@OA NCs decreases
from 6.21 to 1.33 ns with the addition of 25 pL of NCQDs.
Similarly, the average lifetime of CPB@OA@PVP, CPB@SIiO,
and CPB@SiO@PVP NCs changes from 7.51 to 2.69 ns, 13.29 to
9.82 ns, and 16.17 to 15.09 ns after the addition of the same
volume of NCQDs solutions, respectively. With increasing the
adequate shell thickness around the CsPbBr; NCs the rate of PL
quenching and decay in the PL lifetime are reduced. These
results indicate that the interaction of NCQDs with the perov-
skite NCs is lower if the effective shell thickness of the NCs
increases. Table 1 represents the average PL decay lifetime
values of all the NCs solutions before and after the addition of
different volume of NCQDs.

We observed a reduction in the PL intensity of NCs with the
addition of different volumes of NCQDs. The PL quenching is
generally attributed due to various factors, which includes
degradation of material, energy transfer, or charge transfer
processes. To confirm the fact, we have performed XRD analysis
of the NCQDs and perovskite NCs mixture films (see Fig. S6 in
ESIf). The XRD pattern resembles the monoclinic CsPbBr;
crystal structure. However, a broad peak around 22-23° are
appeared from the amorphous NCQDs. There is no observable
change in the XRD peak intensity of all NCs when NCQDs were
introduced. It shows that there is no lattice deformation or
degradation occurred by the addition of NCQDs in perovskite
NCs. So, either energy transfer or charge transfer processes are
responsible for such PL quenching. Since there is no spectral
overlap between absorption spectrum of NCQDs and emission
spectrum of NCs, the energy transfer or FRET-induced PL
quenching mechanism can be ignored (see Fig. S7 in ESIt).*>*
Thus, charge transfer is the most feasible mechanism involved
in such heterostructures.?

The charge transfer process represents the relocation of
electrons from one material to another while keeping a small
distance between the donor and acceptor materials.®**® To

Table 1 Lifetime data of all NCs before and after the addition of different volumes of NCQDs solutions

Average PL decay lifetime (ns)

Vol. of NCQDs (uL) CPB@OA CPB@OA@PVP CPB@SiO CPB@SiO@PVP
0 6.21 7.51 13.29 16.17
5 4.48 6.69 12.92 16.01
10 3.73 4.93 12.39 15.85
15 2.47 4.10 12.01 15.70
20 1.83 3.77 11.19 15.42
25 1.33 2.69 9.82 15.09
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understand the mechanism of charge transfer we have per-
formed Stern-Volmer analysis by using the Stern-Volmer
equation,

1T = o/t = (1 + KIQ))

here I, and I denote the PL intensities of CsPbBr; NCs before
and after addition of NCQDs, K is the quenching constant and
[Q] is the concentration of NCQDs. Fig. 6f represents the Stern-
Volmer plot for PL quenching in the presence of various
concentrations of NCQDs. The upward curvature in CPB@OA
and CPB@OA@PVP NCs indicates that the PL quenching
process is not solely governed by a simple collision between NCs
and NCQDs, additional factors such as static and dynamic
quenching mechanisms also influence the quenching
process.*****” The enhancement of the absorption value of
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Fig. 7 Schematic diagrams of (a) side and (b) top views of NCQDs
adsorbed on CsPbBrs surface, (c) and (d) represent the schematic side
and top views of the charge density differences (iso-surface = 0.001 e
A~3). Electron accumulation and depletion regions are represented by
yellow and cyan colors respectively (Cs: green, Pb: magenta, Br: blue,
C: black, N: red, and H: yellow). (e) Schematic energy band diagrams of
CsPbBrz NCs and NCQDs, showing the route of electron transfer from
the CB of CsPbBrz to the N-state of NCQDs.
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NCQDs with increasing the NCQDs concentration, suggests the
possibility of ground-state complex formation in the hetero-
structure relates to static quenching.®” The reduction of PL
intensity and decay lifetime of such heterostructures suggest
the emission decay process involves dynamic quenching.

The decrease in PL intensity of the CsPbBr; NCs in presence
of NCQDs occurs due to the charge transfer of electrons from
the conduction band of NCs to some specific energy states of
NCQDs. We calculated the band structure alignment of the
heterostructure and possible charge transfer process from the
DFT studies to understand the process. Here we considered the
simple cubic phase of CsPbBr; structure (Pm3m, 221) for
perovskite NCs in our theoretical calculations. In the unit cell,
the Pb atom lies in the center, surrounded by six Br atoms to
form an octahedron and Cs atom lies at each cubic corner. The
lattice constant after the relaxation was found to be 6.01 A
which is in good agreement with previous theoretical and
experimental reports.®** Based on the calculated lattice
parameter of the optimized bulk structure of cubic CsPbBrj3, the
slab model of (100) surface of CsPbBr; was designed to study the
adsorption of NCQDs. A four-atomic layer supercell with two
PbBr layers and two CsBr layers was chosen where structure of
NCQDs was positioned above the PbBr-terminated surface (see
Fig. 7a and b). The size of the supercell consisting of CsPbBr;
slab and NCQD molecule was taken as 12.03 A x 12.03 A along
XY direction which can provide enough space to avoid the
lateral interaction between images of NCQDs created due to
periodicity involved in the calculation. We intended the charge
density difference of NCQDs (see Fig. 7c and d) in the most
stable adsorption configuration on CsPbBr; (001) lattice plane
from the formula,

AP(") = P(surface+NCQDs) — Psurface — PNCQDs

It is found that electrons are primarily accumulated in the
region between NCQDs and the surface. A charge depletion
region is observed on the top of the Pb atoms and lies below to
NCQDs, indicating the charge transfer from the Pb atoms. On
the other hand, the Br atoms gain some negative charge which
is clear from the large charge accumulation region. The more
accumulation density indicates a stronger bond between the
adsorbent and the surface. We performed Bader charge analysis
to quantitatively analyze the charge transfer between CsPbBr;
and NCQDs. In the heterostructure, the charge on doped N-
atom of NCQDs is —1.19¢, whereas the charges on N- and O-
atoms of the NH, and OH functional groups are —1.29¢ and
—1.24e, respectively. A very negligible charge of 0.026e is
transferred from the whole NCQDs to Pb-Br terminated
CsPbBr; surface after the adsorption of NCQDs on CsPbBr;
(001) lattice planes. The band energy levels of the hetero-
structure are depicted in Fig. 7e. It shows the electron transfer
route from conduction band (CB) of CsPbBr; NCs to the N-state
of NCQDs.

To visualize the effect of the adsorption of NCQDs on the
electronic structure of CsPbBr;, we plotted the projected band
structures and projected DOS (PDOS) of both pristine and
NCQDs adsorbed CsPbBr; surfaces as shown in Fig. 8. The
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bandgap of the pristine CsPbBr; (100) surface was calculated to
be 2.31 eV which represents a direct bandgap material (see
Fig. 8a). Here, the valence band maximum (VBM) and conduc-
tion band minimum (CBM) both lie at —0.42 eV and 1.89 eV,
respectively, at the gamma point. While the positions of HOMO
levels are —2.52 eV (), —2.22 eV and —0.58 eV and LUMO level
is present at 2.03 eV (7*) for NCQDs. When NCQDs are adsor-
bed on the CsPbBr; surface, the bandgap is drastically reduced
and found to be 0.92 eV which is clear from Fig. 8b. The
combined contributions of 2p orbitals of N and C atoms are
found in the extra energy level present below the Fermi level at
—0.53 eV. NCQDs produce an acceptor state below the CBM of
CsPbBr;, creating a quasi-type II band alignment with the
CsPbBr; slab.*® This effect can only be observed when NCQDs
are adsorbed on the CsPbBr; slab. To support it, we also
calculated the projected band structure of NH; molecule
adsorbed on the perovskite slab, where no states from NH; in
the bandgap regime of the slab are observed (see Fig. S8 in
ESIY). Thus, the bandgap of the adsorbed slab remains almost
like the pristine one. In addition, the valence bands of the
CsPbBr; slab are pushed away from the Fermi level indicating
the electrons are transferred between the slab and NCQDs. To
get more insight into the interaction between the orbitals of the
constituent atoms, we calculated PDOS of both systems as
shown in Fig. 8c and d. In the deeper valence band region of the
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Fig. 8 Projected band structures of (a) CsPbBrsz slab and (b) NCQDs
adsorbed on CsPbBrs. Slab (Cs: green, Pb: magenta, Br: blue, C: black,
and N: red). Total DOS and PDOS of (c) CsPbBr3z slab and (d) NCQDs
adsorbed on CsPbBrz. Fermi level is set at 0 eV.
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CsPbBr; slab, an overlap between 5p of Cs-atom and 6s of Pb-
atom is observed. The states in the valence band region are
dominated mainly by 4p orbital of Br-atom ranging from —4 to
0 eV. In addition, the hybridization of 6s and 6p orbitals of Pb-
atom with 4p of Br-atom just below the Fermi level is respon-
sible for the formation of the VBM of the slab. On the other
hand, the CBM of CsPbBr; is formed due to the significant
contribution from 6p orbital of Pb-atoms. In the case of NCQDs
adsorption, a combined contribution from 2p orbitals of C and
N-atoms are found in the bandgap regime of CsPbBr;. These
states are predicted to significantly impact carrier mobilities
and photo-induced carriers of CsPbBr; perovskite materials.

Conclusions

In conclusion, we synthesized CsPbBr; NCs with different
shelling materials by LARP synthesis process and synthesized
NCQDs via hydrothermal process. We characterized the
CsPbBr; NCs, NCQDs, and their heterostructures by various
characterization techniques. The PL intensity of the CsPbBr;
NCs quenches with successive addition of NCQDs. The rate of
PL quenching of the NCs is faster when the shell thickness of
the NCs is thin and vice versa. This result also supported by
TRPL measurements where the PL lifetime value decreases
rapidly for thinner shelled NCs. The Stern-Volmer plot affirms
that both static and dynamic quenching possesses in the het-
erostructure. The DFT analysis reflects that NCQDs and CsPbBr;
NCs form a quasi-type II heterostructure with staggered band
alignment. The faster charge transfer in thinner-shelled perov-
skite NCs and NCQDs can be attributed to the bonding between
the N-state of NCQDs and the Pb-atoms within the CsPbBr;
structure. The optimized formulation shows better charge
transfer properties which are reduced by introducing thicker
shelling layers. When NCQDs adsorbed on the Pb-Br termi-
nated surface (100) lattice planes of CsPbBr; crystal, both the 2p
orbitals of C- and N-atoms contribute to the bandgap region of
CsPbBr;. These states are expected to strongly influence the
mobility of carriers and the generation of photo-induced
carriers in CsPbBr;. The study holds significant importance as
it offers a valuable understanding of the design and application
of different heterostructures, which can be extrapolated to
a broad range of applications such as solar cells, LEDs, photo-
detectors, CO, reduction, and photocatalytic activity.
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