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ABSTRACT

All inorganic lead halide perovskites (LHPs) have triggered much attention for energy
harvesting applications owing to their interesting optoelectronic properties, such as high
absorption coefficient, high photoluminescence quantum yield (PLQY)), tunable band gap, long
charge carrier diffusion length, and high charge carrier mobility. However, these materials are
enriched with surface defects due to the presence of large number of halide vacancies which
acts as the trapping centers for charge carriers, resulting in the lowering of PLQY and stability
of LHPs. Additionally, these LHPs suffer from poor power conversion efficiency as compared
to their organic-inorganic counterparts owing to their faster charge carrier recombination and
narrow absorption window, which limits their photovoltaic performance. The present thesis
focuses on enhancing the stability, rate of charge transport, and absorption windows of the
perovskites via coupling it with other semiconducting materials. In this regard, we have used
both in-situ and ex-situ methods to synthesize the nanoheterostructures of perovskite with other
semiconducting materials, which results in the improved optical properties, enhancement of
stability. Additionally, these heterostructures can be further utilized in the energy harvesting or

photovoltaic application.

The first two chapters (Chapter 1 and 2) are dedicated to the extensive literature survey of
research work related to LHPs, metal chalcogenides, their structure, applications, challenges,
and possible solutions, along with summary of various techniques used for the characterization
of as-synthesized materials. In Chapter 3, we have developed a route for the synthesis of
CsPbBr;—CdSe/CdS/ZnS (CSS) mixed dimensional nanohybrids (MDNHSs) using various
bifunctional ligands, such as 4-aminothiophenol (4-ATP), p-aminobenzoic acid (PABA), and
6-amino-2-naphthoic acid (ANA), which results in the increased absorption windows and
better charge seperation. These MDNHs form donor—bridge—acceptor systems, where the

electronic interaction is greatly influenced by the nature of ligands. We observe that in the case
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of 4-ATP, the charge transfer rate is most efficient as compared to other ligands because of
smaller size and stronger binding affinity. In Chapter 4, a colloidal route is developed for
designing CsPbBr3—PbSe nanoheterostructures (NHSs) and other derivatives of LHPs-based
NHSs using defect-rich MoSe; nanosheets (NSs) and selenium powder as selenium precursors
and discussed the mechanism of the formation of NHSs. In MoSe;-synthesized NHSs, the size
of PbSe is ~2.0 nm, whereas, for synthesis involving Se powder, the size is approximately 3.4
nm. A nearly 3-fold PL enhancement is observed in the former case, whereas Se powder
resulted in negligible PL enhancement, as compared to pure CsPbBr; NCs. Despite having
type-I band alignment, the huge PL enhancement in MoSe:-synthesized NHSs suggests very
strong passivation of defects, which is also corroborated with all photophysical studies. In
Chapter 5, we have utilized the PbSe decorated perovskite to prevent the halide diffusion in
CsPbBr3/CsPbls NHSs. Spatially resolved elemental analysis reveals that the halides do not
diffuse across the heterostructure interface, whereas in case of pristine CsPbBr3/CsPblz NHSs,
rapid homogenization of the halides occur, leading to the loss of sharp interfaces. Inhibition of
ion diffusion is further evidenced from spectroscopic measurements, revealing consistent
emission from both CsPbBr3; and CsPblz within the nanoheterostructures for several months.
Moreover, halide interdiffusion is inhibited even upon heating the PbSe decorated
heterostructure for several hours at high temperature. Furthermore, we have fabricated a
phosphor converted white light emitting diode (pc-LED) using PbSe decorated
CsPbBr3/CsPbl; heterostructures, which exhibits stable luminescence from both the CsPbBr3
and CsPbls layers, with no evidence of ion diffusion during operation. In Chapter 6, we study
the impact of various lead chalcogenides on the stability and optical properties of perovskite
via making their heterostructures with PbE (E = S, Se, Te). In this synthesis route, lead
chalcogenides are formed at an early stage of reaction which then undergoes consumption to

form CsPbBr3-PbE and CsPbl;-PbE NHSs. Optical and structural characterization confirmed
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the formation of NHSs. The resultant NHSs exhibited enhanced optical properties, indicating
the passivation of surface defects of perovskite in all three NHSs. The maximum enhancement
is observed in case of PbTe passivated NHSs, owing to the more covalent nature of PbTe as
compared to other lead chalcogenides. Moreover, CsPbBr3-PbE NHSs exhibit improved
stability in the presence of water and do not degrade under ambient conditions for several
months. Chapter 7 provides a comprehensive summary of the thesis, with particularly
emphasizing on enhancing the stability and overall photovoltaic performance of perovskites
via coupling it with other semiconductors and provides an insightful glimpse into the future

prospects and potential implications of the whole work described herein.
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Tt sipTdE TS 2SS IRIGKHICH (TATAY) 7 30 ey sifgigeae e o, oY
I AU T[UIh, 3 I Ieg[o-RH SicH IU6l (GUaadTs), SHad 9.8 719, del aret
JEH TR TS 3R I Ao AT TARNed & BRI Sl Waa- Sy IR HfH
o 3 d e 31 gTailie, <) = H garss Ridadl ot Sufufa & srur 3 gmfai
g ISl ¥ WS Bl @ off 9Tl a6 & fou ¢t $g & ®U § FRf I g, foras
ORUTREEY YIUaadrs &8 & 9l & SR Tauad! &1 R gl 81 39 sifafad, 3
e o 5 Tl aTed GRRIG $IR HaET el RS & T S R
SBTSHD THHE BT T T TRIS fooTell TR0 G&dl I T §, Sl 3% Wicidliccd
TeRF & it FRa1 g1 g AR o sidarae wmElRl & A1y gt dRe
RIckhTgcy Bt R, aref uRag @ o 3R STy sl &) deM R Hi3d B
9 Iy H, g9 39 Srefareie BRI & WY IRIKDIIC & A-lgcReaaR HI IR
FH & oy 9-41g SR T-Hig aF Rl &1 U b &, forge aRumRasy
3fifpepet 0T H UR g1 &, R gG §¢ 81 39 ifaRerd, 37 SeIRgaRR BT JUNT
ol T A1 ieidifeed Sy § far o g g |

Ugd & T (e 1 3R 2) TAUT, U1 dleh o-I3gd, Ib! TN, U,
AT SR FUTFAd a1 ¥ i 2N H1af & SIS e A& & ATY-J1Y 37
A&7 3o & forw o I arelt s doiet & AR & forg Tt 81 -wRafya
IreRft oremg 3§ gHA 4-TAAIREET (4-ATP), Ut-ufiidons® TRIS ( PABA), 3R 6-
A2 ARIEH TRTS (ANA), ST aRumRaR=T sfa=iyur fdst # gfg gt § sk dgeR

ol QUFHRUT BT g1 T THSIEAUT SIR-foo-Widdl Ried s91d €, S8l Saiaei-d

SRR feris B Upfa T B! THIfAd 81d1 8 | §H <l {h 4-ATP & AIHA H, BIC 3MHR
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3R Aoigd ST TR & SR T SR R 34 e &) g # Jod el 2|
3T 4 T, CsPbBrs—PbSe "HIGCRRCIR (NHS) 3R LHPs-3TeIRd NHS & 37 SRafea
@I YT UGl & U H GY-TGG MoSe, *HIRICH (NSs) 3R I Tr3ex HI
SRINT FRh ST I3 & U U wiengsd Anf faeRid fosan ma § $iR NHS & Mo
& T W Al BT TS &1 MoSe,-HLAA NHS H, PbSe BT 3PHR ~2.0 TATH g, SIafb, Se
3SR U S YW & foIE, 3R TIHT 3.4 TIUH g | U AT | T4 3 T[T diud
3ie 3T E B, Sefe Y Fuatidietems Tt &t qor & T8s urse’ & URUMEEY
g diud i g3 81 <1eU-1 ¥ WA §H & TMa9E, MoSe,- G THTETH # 1t
fiuat gfg <Nl & S5 Aoiad MSpadr &1 g3md 3at 7, s Gt wieifthioree sremmmt  +f
gy 8t 81 3% 5 |, 8 CsPbBr»/CsPbl; NHS T 3AI5S TR &1 A & T PbSe
OITT MY RISKHTEE BT IUINT 3501 B | RS FU I 5 o ¢ difcaes fazavor & uar

T & fh T3S R RR S § theld 78l §, Wiafdh UTEiH CsPbBr3/CsPbl; NHS &

e H, gA8S &1 doil T JHRUIGRUl 8idT 3, o ds1 $exthd &1 69 gidl |
W RDIMNUS AT T 3 TIR H 3Ry o1 3R gamr firean 8, 599 & 78! a%

N

AlgcReaeR & AR CsPbBr; 3R CsPbl; GHI ¥ TRITAR Scqoi- &1 UdT Iadl § | $9d
3T, 3 AIUHH R H Ul dd PbSe FolT Y FERRETR PI TH i Rt garss
RIS S1fed SiaT 81 3P 3IaTaT, 8 PbSe T JUSIA CsPbBrs/CsPbl; ERRETR
BT ITINT HP T BB R uRafdd e TS o Sas (dRfl-uase) s g, s

CsPbBr; 3R CsPbl; GHI TRl ¥ fRR gy vefRid ol g, o SfftRyM & gRM

3T TR &1 Pls Tqd el 8id g1 3 6 H, 89 PbE (E = S, Se, Te) & WY ID!
QIR FTHR RISEHIZE BI FRRAT 3R 3fifPwd Ton R At de dieoHegy &
TUTT BT 3HeTTT HRd ¢ | 3T YY1 AR H, fafehar & URMYE @Rl § 48 Ao e gy
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§d © ol fhR CsPbBrs-PbE 3R CsPbl;-PbE NHS §-H & Y WA ¥ oRd g | iiPdhd
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TSR THauy & Ama § Sifiidan gie <t 113 8 | 3 S(QdT, CsPbBrs-PbE NHS T
&1 JuTUfA T 95k FRAT UafRid #Xd § SR s HeiHI o uRRa=ht uRfRufadl & wvre
TE B B 1 e 7 R T Ue AP TR YaH H 8, Fored faRiy &9 9 fRRan
3R THY WiCalfecd &I g6 W SR {01 T § | 39 Sierad! & Iq1Y gird dxd
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Figure Caption
A schematic diagram of the crystal structure of APbXs perovskite.

Schematic representations of (a) an ideal 3D cubic structure; (b) an
orthorhombically distorted 3D structure; (¢) one-dimensional (1D)
hexagonal lattice; and (d) a 1D orthorhombic structure

Formation of Energetic bands in Lead halide Perovskite through
hybridization of Lead and halide Orbitals.

Bandgap tuning of CsPbX3 NCs as a function of halide as illustrated
by (a) UV-vis absorption and PL spectra, (b) Band edge energies of
CsPbX; NCs extracted from cyclic voltammetry data.(C)
Photographs of CsPbX3 NCs under UV lamp with change of halide
composition from chloride to iodide (left to right)

Advantages and challenges of lead halide perovskites.

Schematic representation illustrating the gaps in lead halide
perovskites and possible solutions.

(a) Crystal structure of 2H phase of two-dimensional layered
transition metal dichalcogenides, (b) Structure of single layer TMD
NSs with different surface sites.

Structure of bulk CdSe with (a) zinc-blende structure, (b) wurtzite
structure, (c¢) dimensional confinement of bulk semiconductor in
different dimensions.

Schematic representation of energy levels illustrating (a) Type-I and
(b) Type-11 types of core/shell nanocrystals (e: electron, h: hole

A schematic illustration demonstrating Bragg's Law.

An illustration showing the way a high-energy electron beam is
focused on a sample to produce and detect signals.

Diagram illustrating how a double-beam UV-Vis-NIR absorption
spectrophotometer is configured.

Illustration of the electronic energy levels using a Jablonski diagram
that shows the several transition stages involved in the processes of
absorption and emission. The singlet and triplet levels are
represented by S and T in this instance, the intersystem crossing and
internal conversion by ISC and IC, and the non-radiative and
radiative transitions by nr and r in the subscript, respectively.
Diagram showing a photoluminescence spectrometer's schematic
depiction.

Schematic representation for CSS-CsPbBr; MDNHSs formation in the
presence of 4-ATP ligand.

(a) Absorbance spectra, (b) photoluminescence (PL) spectra and (c)
time resolved decay curves of 5.5 ML CdSe NPLs, and different
monolayers to form CdSe/CdS/ZnS (CSS) NPLs at Aex = 377 nm,
showing the red shift in absorbance and PL spectra and reduction in
lifetime upon the growth of CdS and ZnS shells. Here, 5.5 ML CdSe
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NPLs is chosen over any other thickness of CdSe as the absorption
spectra of 5.5 ML CdSe NPLs is centered at 549 nm, which is red
shifted after deposition of CdS and ZnS shells over it, therefore when
it is coupled with CsPbBr3 NCs, absorption window of the CSS-
CsPbBr3 MDNHs is broadly enhanced.

(a) Absorbance; (b) photoluminescence spectra of CdSe NPLs,
CdSe/CdS/ZnS NPLs, and CsPbBrs NCs, (c) PXRD pattern along
with the JCPDS pattern of pure materials;, (d), (e) and (f) TEM
images for CdSe NPLs, CdSe/CdS/ZnS NPLs, and CsPbBrs; NCs
respectively.

Histograms of (a); (b) CdSe, CSS NPLs having an average thickness
of 1.16 £ 0.22 nm; 1.60 £ 0.42 nm, respectively and (c) CsPbBr3; NCs
having an average length of 11.66 + 1.59 nm

Schematic diagram of exchange of OLAM ligands on CSS surface
with PABA, 4-ATP, and ANA. R-NH: refers to OLAM; Key: C (black),
H (grey), N (blue), S (vellow), O (red).

FTIR spectra of (a) ATP capped CSS; (b) PABA capped CSS, and (c)
ANA capped CSS along with their unbound ligands, and OLAM
capped CSS; NMR spectra of (d) ATP capped CSS; (e) PABA capped
CSS; and (f) ANA capped CSS NPLs.

(a) Absorbance spectra; (b) photoluminescence spectra (note: PL
intensity of OLAM capped CSS is divided by 100 to plot on the same
graph); (¢) PXRD pattern of OLAM capped CSS NPLs and ligand
exchanged CSS NPLs with 4-ATP, PABA, and ANA ligands.

(a-c) TEM images of CSS-CsPbBrs MDNHSs with 4-ATP, PABA and
ANA ligands, respectively and (d) HRTEM image for the 4-ATP
linked MDNHss.

(a) Absorbance spectra, (b) photoluminescence spectra of MDNHs
with various bifunctional ligands along with pure constituents; (c)
enlarged view of PL peaks at Jem = 612 nm for ligand exchanged CSS
NPLs and the MDNHs; (d) time-resolved PL (TRPL) decay curves
for pure CSS NPLs and the CsPbBr3;-CSS MDNHs in presence of
ANA at Aem = 612 nm,; and (e) TRPL decay curves for pure CsPbBrs3
NCs and CsPbBr3-CSS MDNHs with different bifunctional ligands at
Aem= 513 nm.

(a) Photoluminescence spectra of pure CsPbBr3; NCs, CSS NPLs and
the physical mixture of CsPbBrs with CSS at Aexr = 377 nm,
representing the quenching of PL intensity of CsPbBrs NCs but the
quenching is not as efficient as in case of CSS—CsPbBr;
nanohybrids, (b) time-resolved PL (TRPL) decay curves of CsPbBr3;
NCs in absence and presence of CSS NPLs at Aem = 513 nm, showing
the reduction in average lifetime of CsPbBrs NCs but again, the
reduction in lifetime is less as compared to CSS—CsPbBr;
nanohybrids.

(a) Photoluminescence spectra; (b) time-resolved PL (TRPL) decay
curves of CSS-CsPbBrs MDNHs with aromatic bifunctional ligands
and their corresponding physical mixture at Aem = 513 nm,
displaying that the decrease in average lifetime of CsPbBrs3 is more
pronounced in case of nanohybrids as compared to the simple
physical mixture of the two constituents because of the presence of
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3.12

3.13
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3.15

3.16
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4.3

4.4

bulky ligands which inhibits the formation of close contacts between
CsPbBr; and CSS.

Time-resolved PL (TRPL) decay curve of CsPBbrs NCs in absence
and presence of low concentration CSS NPLs (1:1) with different
molecular ligands attached, at Aem = 513 nm, showing the effect of
concentration on the charge transfer kinetics.

Time-resolved PL (TRPL) decay curves of CsPbBrs at Aem = 513 nm,
in absence and presence of CSS NPLs with different bifunctional
ligands, black curves show the result of fitting the curves with
equations 1 and 2.

The optimized geometry and electronic structure of CSS NPLs. (a)
The relaxed structure of CSS is considered for computational
modeling. The details of layers and passivating Cl atoms are pointed
out for clarity. Key: Cd (pink), Se (light green), Zn (grey), S (vellow),
and ClI (deep green); (b) Partial density of states of CSS NPLs, the
charge density (blue surfaces) plots for VBM and CBM states have
been included in the inset. The isosurface for charge density plots is
0.0015 e/A*; Influence of ligands on the electronic properties of CSS
NPL; (¢c) The pDOS of 4-ATP adsorbed CSS NPLs, the charge density
plots of (d)VBM-2 and (e) VBM are presented for this system; (f) The
pDOS of ANA adsorbed CSS NPL; the charge density plots of (g)
VBM — 2 and (h) VBM are included for this material. The isosurface
of all the charge density plots is 0.0015 e/A>. The molecular state
appears in the mid-gap for ANA-CSS only.

(a) The partial density of states of Cl in Cl passivated CSS NPLs. (b)
Optimized structures of molecule passivated CSS, molecules are 4-
ATP (left panel), PABA (middle panel), and ANA (right panel).

(a) pDOS of PABA capped CSS NPLs. The charge density plots of
(b)VBM-2 and (c) VBM are presented for this system.

Photographs of the precursors before and after the addition of Cs-
oleate @180°C for (a) CsPbBrs; NCs,; (b) and (c¢) CsPbBr;-PbSe
NHSs formed using MoSe> NSs and Se powder, respectively. Before
the addition of Cs-oleate, pure CsPbBr; solution is almost colourless
whereas in CsPbBrs;-PbSe NHSs the colour of solution is black
indicating the formation of PbSe NPs. The green colour formed after
injecting Cs-oleate in (b) and (¢) indicates the formation of CsPbBrs-
PbSe NHSs.

(a) TEM image of MoSe> NSs, (b), (c) TEM images of MS-synthesized
PbSe NPs at intermediate stage (i.e., at 140 °C) and 180 °C,
respectively; and (d) TEM image of SP-synthesized PbSe NPs at 180
°C, histograms in (c) and (d) shows the size distribution of PbSe NPs
formed using MoSe> and Se powder, respectively.

(a) PXRD pattern of PbSe NPs formed using MoSe; NSs and Se
powder in the presence of PbBr>, showing the resemblance of lattice
planes with the cubic phase of PbSe; (b) Absorbance spectra for PbSe
NPs formed using MoSe> NSs and Se powder, showing the extended
absorption in the NIR region. Inset shows the magnified view of the
absorption spectra.

(a) PXRD pattern for CsPbBrs; NCs, CsPbBr3-PbSe NHSs along with
their bulk reference pattern, (b) and (c) enlarged view of (220) plane
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4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

of PbSe at 41.5° and (220) plane of CsPbBr3 at 30.5° respectively;
XPS core level spectra of (d) Pb 3d, and (e) Se 3d for CsPbBr; NCs
and CsPbBr3-PbSe NHSs.

XPS core level spectra of (a) Cs 3d; (b) Br 3d, (¢) C 1s; and (d) O
1s for CsPbBr; NCs and CsPbBr;-PbSe NHSs. In case of NHSs, the
peak shifting occurs to higher binding energy for Cs 3d and Br 3d,
indicating the change in chemical environment of CsPbBr3 upon
making NHSs.

TEM image, HRTEM image and FFT pattern for (a-c) CsPbBr3 NCs;
(d-f) MS-synthesized CsPbBrs;-PbSe NHSs, (g-i) SP-synthesized
CsPbBr3-PbSe NHSs;, STEM elemental mapping for (j) CsPbBr;3
NCs; (k) and (I) MS- and SP-synthesized CsPbBr3;-PbSe NHSs,
respectively.

Histogram of (a) CsPbBrs3; (b), (¢) MS and SP-synthesized CsPbBrs3-
PbSe NHSs, respectively, showing size distribution of CsPbBrs3; (d-e)
size distribution of PbSe NPs in MS and SP-synthesized CsPbBr;3-
PbSe NHSs.

(a) Absorbance spectra of CsPbBr; NCs and CsPbBr;-PbSe NHSs,
inset shows the extended absorption in the NIR region, (b)
photoluminescence spectra of CsPbBr; NCs and CsPbBrs-PbSe
NHSs along with their photographs in day light, (i) represents
CsPbBrs NCs and (ii), (iii) represents CsPbBrs3-PbSe NHSs
synthesised using MS- and SP-precursor, respectively, (c) TRPL
decay curves for pure CsPbBr; and CsPbBrs-PbSe NHSs taken at
Aem= 513 nm; (d) comparison of low temperature PL spectra of
CsPbBr; and MS-synthesized NHSs and inset shows the comparison
of PL peak at 80K for CsPbBrs; NCs and CsPbBr;-PbSe NHSs.

Low temperature PL of (a) Pure CsPbBr3; NCs, (b) MS-synthesized
CsPbBr3-PbSe NHSs. A shoulder peak is observed in case of pure
CsPbBr3; NCs which is related to the defect states, whereas no such
peak is observed in CsPbBr3-PbSe NHSs which confirms the
passivation of defect states in heterostructure. Also, in case of
CsPbBrs3, 90 times PL enhancement is occurred as we go from room
temperature to 80K whereas in MS-NHSs, only 14 times PL
enhancement is observed. This confirms that in case of NHSs, defect
states are already passivated at room temperature.

(a) The optimized geometry of cubic CsPbBr; NC; (b) pDOS and
charge density distributions of (¢c) VBM and (d) CBM states. The NC
formation does not induce any defect state in or near the band edges.
(a) The optimized structure of CsPbBr3 with neutral bromine vacancy
on the surface; (b) The optimized structure of CsPbBr3 with Se atom
(lime green) that passivates neutral bromine vacancy on the surface;
(c) The optimized structure of CsPbBr3 with PbsSes QD on top of Se
atom that passivates neutral bromine vacancy on the surface.

The optimized structure and electronic properties of CsPbBrs; with
PbSe OD on the PbBr surface. The optimized structure of CsPbBr3
with (a) PbsSes and (b) PbsSes. The pDOS of (¢c) CsPbBr3-Pb4Ses+ and
(d) CsPbBrs-PbsSes. The PbBr-surface is another possible (100)
surface termination apart from CsBr for CsPbBrs; NC. For all these
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4.13

4.14

4.15

4.16

4.17

4.18

4.19

systems, the trap states appear near to the VBM, depicting that large
PbSe QD formation only partially passivates the defect states of V.
The electronic structures of defect containing and defect passivated
CsPbBr3 NCs. (a) The partial density of states (pDOS) and charge
density distribution of the (b) valance state at -2.1 eV and (c) defect
state at -0.05 eV of CsPbBr3 with bromine vacancy (Vs on the
surface. (d) The pDOS and charge density distributions of (e)
passivated state at -0.04 eV and (f) CBM at 2.56 eV of CsPbBr; with
Se passivation. (g) The pDOS and charge density distributions of (h)
the defect state at 0.25 eV and (i) the CBM at 1.93 eV. The type-1
heterojunction forms due to the NC-QD interface. Key: Pb (grey),
Cs (green), Br (brown), Se (lime green). The electronic isosurface is
shown with yellow lobes.

(a), (b) and (c¢) PL stability of CsPbBr3 NCs, MS- and SP-synthesized
CsPbBr3-PbSe NHSs, respectively, taken for 180 days. CsPbBrs-
PbSe NHSs retained a nearly constant PL intensity (upto 90%),
whereas the pristine CsPbBrs NCs showed a decreased PL intensity
to zero within 5 months, (d) PL stability comparison for CsPbBrs3,
MS, and SP synthesized CsPbBr3;-PbSe NHSs, taken for 180 days.
PXRD pattern of pure CsPbBrs; NCs and CsPbBr3-PbSe NHSs after
six months. The PXRD pattern corresponding to NHSs is stable for
even after 6 months, which shows the highly crystalline stability of
the NHSs.

Change in PL intensity on addition of 100 uL water each time in 1.5
ml toluene solution of (a) pure CsPbBr3; (b), (¢) MS and SP-
synthesized CsPbBr3-PbSe NHSs, respectively, (d) comparison of PL
stability of pure CsPbBr; NCs and CsPbBr;-PbSe NHSs on
continuous addition of 100 uL water.

Change in PL intensity with time on addition of 500 uL water in 1.5
ml toluene solution of (a) pure CsPbBrs; NCs, (b), (c) MS and SP
synthesized CsPbBr3;-PbSe NHSs, respectively. PL intensity of pure
CsPbBr3 NCs vanishes within an hour whereas MS CsPbBr3-PbSe
NHSs retains its PL intensity (upto 30%) in an hour and SP
synthesized NHSs retains its PL intensity (upto 60%) in an hour; (d)
comparison of PL stability of pure CsPbBr; NCs and CsPbBr;-PbSe
NHSs with time on addition of 500 uL water in 1.5 ml toluene solution
of pure CsPbBr3; and CsPbBr3;-PbSe NHSs.

(a) Photographs of pure CsPbls (labelled as (i)) and CsPbls-PbSe
NHSs (labelled as (ii)) at day 1, day 2, and after day 15; (b) PXRD
pattern of pure CsPblz, CsPbl3-PbSe NHSs formed using MoSe> NSs
and Se powder along with their reference pattern, (c) PL spectra of
CsPbls, CsPbl3-PbSe NHSs formed using MoSe> NSs and Se powder,
and (d) and (e) PL stability of CsPbl; NCs and CsPbI3-PbSe NHSs,
respectively, for 7 days. The enhanced stability is attributed to the
new chemical bonds formed at the surface which passivates the defect
states and thereby makes the black phase more stable.

(a) PXRD pattern of CsPbl:Br NCs and CsPbI>Br-PbSe NHSs along
with their reference patterns, (b) PL spectra; and (¢) TRPL decay
profile for CsPbl>Br NCs and CsPbl,Br-PbSe NHSs taken at Aem=
640 nm. PL intensity is enhanced in case of NHSs as compared to
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pure NCs, due to the passivation of surface defects. Also, the lifetime
is enhanced in CsPbI>Br-PbSe NHSs as compared to pure CsPbl>Br
NCs.

(a) PXRD pattern for pristine CsPbBrs, MS-CsPbBr3, and SP-
CsPbBrs3 along with their reference pattern, showing the resemblance
of lattice planes with the reference pattern; (b) TEM images and
STEM elemental mapping for CPB, SP-CPB, and MS-CPB; (c) PL
spectra of CPB, SP-CPB, and MS-CPB along with their photographs
in day light; (d) comparison of PL stability of CPB, SP-CPB, and MS-
CPB after multiple washings with Ethyl acetate.

Histograms corresponding to (a) pristine CsPbBr; NCs, (b) SP-CPB
NCs, and (¢) MS-CPB NCs, showing size distribution of CsPbBr3 in
all cases; (d), (e) histograms showing size distribution of PbSe
particles in SP-CPB and MS-CPB NCs, respectively.

(a) PXRD pattern of CsPbls NCs and MS/SP-CPI along with their
reference pattern, TEM images of (b), (c) SP-CsPbl3 NCs, (d), (e)
MS-CsPbl; NCs, illustrating cubic morphology of CsPbls NCs,
decorated with dot like PbSe particles.

Schematic illustrating the sequential deposition of two perovskite
layers on a glass substrate using spin coater.

(a-¢c) PXRD pattern of pristine CsPbBrs, SP/MS-CPB, CsPbl;,
SP/MS-CPI and their corresponding heterostructures along with
their reference pattern; (d-f) Cross-sectional FESEM image of
CsPbBr3/CsPbls NHSs, SP-CPB/SP-CPI NHSs, and MS-CPB/MS-
CPI NHSs, respectively.

(a-e) FESEM-EDX elemental mapping of CsPbBrs;/CsPbl; NHSs
showing uniform distribution of Cs, Pb, Br, and I; (f-k) FESEM-EDX
elemental mapping of SP-CPB/SP-CPI NHSs showing uniform
distribution of Cs, Pb, Br, I, and Se.

(a) Absorbance and PL spectra of films of CsPbBrs, CsPbl;, and
CsPbBr3/CsPbl; deposited sequentially without the presence of PbSe
(control), and of the SP/MS-CPB/CPI NHSs, (b), (c) PL of the SP-
CPB/SP-CPI and MS-CPB/MS-CPI NHSs over the course of six
months shows no evidence of halide intermixing, whereas the control
sample is completely mixed almost instantaneously.

(a), (b) Absorption Spectra of SP-CPB/SP-CPI and MS-CPB/MS-CPI
NHSs over the course of six months, showing no evidence of halide
intermixing, whereas the control sample is completely mixed almost
instantaneously, (¢), (d) PXRD pattern of SP-CPB/SP-CPI and MS-
CPB/MS-CPI NHSs collected for a span of six months. The PXRD
pattern corresponding to NHSs is stable for even after six months,
which shows the highly crystalline stability of the NHSs.

Evolution of emission spectra with time upon heating at 100 °C (a)
SP-CPB/SP-CPI NHSs; (b) MS-CPB/MS-CPI NHSs; Evolution of
emission peak position with time upon heating at 100 °C of (a) SP-
CPB/SP-CPI; and (b) MS-CPB/MS-CPI NHSs.

TRPL decay curves of (a) pristine CsPbBrs, SP/MS-CPB, and their
corresponding heterostructures with Aem = 518 nm; (b) pristine
CsPbI;, SP/MS-CPI, and their corresponding heterostructures with
Aem = 695nm; and (¢) PL spectra of Proof-of-concept preparation of
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6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

LED by stacking green and red emitting SP-CPB and SP-CPI on a
commercially available violet-emitting LED under ambient
conditions, inset shows the photographs of the LED under light and
dark conditions, (d) CIE chromaticity coordinate diagram for the SP-
CPB/SP-CPI NHSs under bias 3.4 V.

Synthesis of CsPbBr3-PbE (E = S, Se, and Te) NHSs by a hot injection
method, illustrating the formation of in-situ PbE seeds at 140 °C,
which further reacts with Cs-oleate to finally form CsPbBr3;-PbE
NHSs.

(a-c) PXRD pattern of PbE NPs formed using sulphur powder,
selenium powder, and tellurium powder as the chalcogenide source,
respectively, showing resemblance to the cubic phase of lead
chalcogenide; (d-f) Absorbance spectra of PbE NPs formed using
sulphur, selenium, and tellurium, respectively.

PXRD pattern of (a-c) CsPbBr3;-PbS NHSs, CsPbBr;-PbSe NHSs,
and CsPbBr3-PbTe NHSs, respectively.

XPS core level spectra of (a-d) CsPbBr3-PbTe NHSs; (e-h) CsPbBrs3-
PbSe NHSs; (i-l) CsPbBr3-PbS NHSs; (m-0) pure CsPbBr3; NCs.

(a) Absorbance spectra of CsPbBr; NCs and CsPbBr3;-PbE NHSs,
inset shows the extended absorption in the NIR region, (b)
photoluminescence spectra of CsPbBr; NCs and CsPbBr3;-PbE
NHSs; (¢) TRPL decay curves for pure CsPbBr; and CsPbBr3-PbE
NHSs taken at Aem= 513 nm; along with their photographs in day
light, (i) represents CsPbBr; NCs and (ii), (iii), (iv) represents
CsPbBr3-PbS, CsPbBr3-PbSe, CsPbBr3-PbTe NHSs, respectively.
(a-d) PL stability of CsPbBrs NCs, CsPbBrs;-PbE (E = S, Se, Te)
NHSs, respectively, taken for 180 days. CsPbBr;-PbE NHSs retained
a nearly constant PL intensity (upto 90%), whereas the pristine
CsPbBrs; NCs showed a decreased PL intensity to zero within 5
months,; (d) PL stability comparison for CsPbBrs; and CsPbBr;-PbE
NHSs, taken for 180 days.

Change in PL intensity on addition of 100 uL water each time in 1.5
ml toluene solution of (a) pure CsPbBrs, (b-d) CsPbBr3;-PbE NHSs,
(X= S, Se, Te) respectively, (e) comparison of PL stability of pure
CsPbBrs; NCs and CsPbBr;-PbSe NHSs on continuous addition of
100 uL water.

Change in PL intensity with time on addition of 500 uL water in 1.5
ml toluene solution of (a) pure CsPbBr3 NCs, (b-d) CsPbBr3-PbE (E
= S, Se, Te) NHSs, respectively; (e) comparison of PL stability of
pure CsPbBrs; NCs and CsPbBr3;-PbSe NHSs with time on addition of
500 uL water in 1.5 ml toluene solution of pure CsPbBr; and
CsPbBrs;-PbE NHSs.

PXRD pattern of (a-c) CsPbls3-PbS NHSs, CsPbls-PbSe NHSs, and

CsPbls-PbTe NHSs, respectively.

(a) Absorbance spectra of CsPbls NCs and CsPbl;-PbE NHSs, inset
shows the extended absorption in the NIR region, (b)
photoluminescence spectra of CsPbls NCs and CsPbl;-PbE NHSs;
(c) TRPL decay curves for pure CsPblz and CsPbls-PbE NHSs taken
at lem= 690 nm; along with their photographs in day light, (i)
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6.11

6.12

6.13

represents CsPblz NCs and (ii), (iii), (iv) represents CsPblz;-PbS,
CsPbI3-PbSe, CsPbls-PbTe NHSs, respectively.

(a-¢) Change in PL intensity of CsPbl-PbE (E = S, Se, Te) NHSs
over a span of 15 days; (d) PL stability comparison of all NHSs over
a period of 15 days.

Change in PL intensity on addition of 100 uL water each time in 1.5
ml toluene solution of (a) pure CsPbls; (b-d) CsPbBr3-PbE NHSs (X=
S, Se, Te), respectively, (e) comparison of PL stability of pure CsPbl;3
NCs and CsPbls3-PbE NHSs on continuous addition of 100 uL water.
Change in PL intensity with time on addition of 500 uL water in 1.5
ml toluene solution of (a) pure CsPbls NCs; (b-d) CsPbBrs;-PbE
NHSs (X= S, Se, Te), respectively; (e) comparison of PL stability of
pure CsPbl; NCs and CsPbls-PbE NHSs with time on addition of 500
uL water in 1.5 ml toluene solution of pure CsPbls and CsPbl3-PbE
NHSs.
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GLOSSARY OF SYMBOLS AND ABBREVIATIONS

MHP Metal halide perovskites
PLQY photoluminescence quantum yield
FWHM Full width at half-maximum

NCs nanocrystals

3D Three-dimensional
MA methylammonium
FA formamidinium
t tolerance factor
RT Room temperature
1l octahedral factor
DOS Density of states
PL photoluminescence
Dy diffusion coefficient
Unp carrier mobility
VBM Valence band maximum
SOC Spin-orbit coupling
PeLEDs perovskite LEDs
LCDs liquid-crystal displays
LEDs light-emitting diodes
PCE power conversion efficiency
NPLs nanoplatelets
TMDs transition metal dichalcogenides
NSs nanosheets
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NIR
CVD
QDs
NRs
ASE
CB
VB
PbE
CSS
4-ATP
PABA
ANA
LHPs
XRD
TEM
FESEM
'H-NMR
TRPL
EDX
FTIR
XPS
ICP-OES
HRTEM
K.E.

B.E.

near-infrared region
chemical vapor deposition
quantum dots
nanorods
amplified spontaneous emission
conduction band
valence band
lead chalcogenide
CdSe/CdS/ZnS
4-aminothiophenol
p-aminobenzoic acid
6-amino-2-naphthoic acid
Lead Halide Perovskites
X-ray diffraction
transmission electron microscopy
field emission scanning electron microscopy
Proton nuclear magnetic resonance
time resolved photoluminescence
Energy dispersive X-ray

Fourier transform infrared

X-ray photoelectron spectroscopy
inductively coupled plasma optical emission spectroscopy
High-Resolution Transmission Electron Microscopy HRTEM
kinetic energy

binding energy
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A absorbance

T transmittance
uv ultraviolet
ps picosecond
ns nanoseconds
us microseconds
ms milliseconds
IC internal conversion
ISC intersystem crossing
r fluorescence lifetime
MDNHs Mixed dimensional nanohybrids
0D zero-dimensional
2D two-dimensional
DFT density functional theory
cALD colloidal atomic layer deposition
TCSPC time correlated single photon counting
VASP Vienna ab initio Simulation Package
PAW projected augmented wave
GGA generalized gradient approximations
PBE Perdew-Burke-Ernzerhof functionals
OLAM oleylamine
Lavg average PL lifetime
VBM Valence band maximum
CBM conduction band minimum
NHSs Nanoheterostructures
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NPs
TOP
OA
FFT
STEM
pDOS
Pc-LED

eV

nanoparticles
trioctyl phosphine
oleic acid
fast Fourier transform
Scanning transmission electron microscopy
partial density of states
phosphor converted light emitting diodes

electron volts
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