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ABSTRACT

The unique properties of halide double perovskite (DP) materials include defect tolerance and
tunable bandgap. The double perovskite materials are greener potential alternatives of well-
known lead based halide perovskite semiconductors. The most of halide double perovskites
have wide bandgap and are weakly luminescent, hence these are not useful for most of the
optoelectronic properties. It becomes very important to modulate their optical properties to
make them more useful for optoelectronic device applications. Doping and alloying are the
chemical substitution approach which are proved to be an effective way to modify the
properties of these materials. Cs2AgBiXs (X = Cl, Br) are the well-known double perovskites
having wide indirect bandgap and very weak photoluminescence (PL) intensity. These halide
double perovskites are stable and well-studied, but their poor optoelectronic properties limit
their application. To tune the bandgap of Cs.AgBiXs (X = Cl, Br) we did the alloying of these
materials with Na and synthesized a series of Cs2NaxAg1xBiXe (X = Cl, Br) nanocrystals (NCs)
by colloidal hot injection method. These alloyed materials have tunable bandgap which
increase with increase in Na/Ag ratio in the lattice. Also the PL intensity of alloyed materials
is higher than end members of the series. To make the CszNaxAg1xBiCls materials more useful
we add the NIR PL in these materials and sensitize the emission of Er3* and Yb®" ions using
these host lattices. We doped Er®* and Yb** in the Cs;NaxAg:-xBiCls NCs which make them
luminescent in the NIR region. The NIR PL centred at 1540 nm and 1000 nm is attributed to
the f-f transition of Er®* and Yb®*. Cs,AgBiCls is a high bandgap double perovskite with narrow
absorption window which makes it useless for light harvesting application. To tackle this
problem, we doped the transition metal Cu in Cs2AgBiCls by using hydrothermal method and
solvent free mechanochemical grinding methods. The Cu doping extend the absorption window
to NIR region and make this material a potential candidate for light harvesting applications.

The work in this thesis emphasizes how to modulate the optical properties of these different

Vi



lead free halide double perovskite materials to make them useful for different optoelectronic

applications.

Chapter 1 deals with the structure and properties of lead halide perovskites and lead free halide
double perovskites. This chapter includes the advantage and limitations of lead halide
perovskite materials, and we also discussed about the need of lead free double perovskite
materials, and different strategies like doping and alloying to modify their optoelectronic
properties. This chapter also comprises the objective of the thesis. Chapter 2 includes different
tools and methods for characterizing synthesized double perovskites. In this chapter we also
discussed the working principle of the various characterization techniques in detail. Next two
chapters (Chapter 3 and 4) are dedicated towards the synthesis and characterization of a series
of Csz2(NaxAgi-x)BiXs (X= Cl, Br) alloyed double perovskite nanocrystals (NCs) with tunable
bandgap. The optical properties Cs;AgBiXes (X = CI, Br) NCs is tuned by inseting the Na+
cation and varying the ratio of Na and Ag cations, resulting in the formation of Csz(NaxAg:-
x)BiXe (X= CI, Br) NCs (where x varies between 0 to 1). In Chapter 5, we synthesized the
Ln3* (Ln* = Er** and Yb*®*) doped Cs2(NaxAg1.x)BiCls NCs using hot injection method. These
doped NCs emit a sharp NIR photoluminescence (PL) at 1540 nm and 1000 nm which is
attributed to *li3o—*l1s2 transition of the Er** and 2Fsp —?F7p transition of the Yb3*,
respectively. The CszNao75Ago.2sBICls is found to be the best host lattice to sensitize the
emission of Er®* and Yb®*, out of all the members of the series of Cs,NaxAg:-xBiCls. We also
explore the co-doping of Er®* and Yb*" in CszNao.75Ago.2sBiCls. photoluminescence (PL) at
1540 nm and 1000 nm which is attributed to *l132—*l1s2 transition of the Er®* and 2Fs;, —?Fzsz
transition of the Yb®", respectively. We also discuss the energy transfer from host lattice to
these Ln®* dopant ions. In Chapter 6, we discuss the synthesis and characterization of Cu
doped Cs2AgBICls by hydrothermal method, and we also explored the Cu doping with two

other methods namely, post synthetic grinding method and solvent free mechanochemical

Vi



grinding method. The absorption band of Cs,AgBiCls double perovskite having high bandgap
(2.77 eV) is significantly broadened upto NIR region (~1800 nm) by doping with transition
metal Cu. Furthermore, the materials synthesized by mechanochemical grinding method have
stronger absorption in NIR region as compared to those synthesized hydrothermally. Extended
absorption edge upto ~ 850 nm and broad absorption between 850 nm to 1800 nm is attributed
to the formation of new sub band gap states and d-d transition of Cu doped in the lattice,
respectively. In Chapter 7, we have summarized the thesis, emphasizing the use of different
chemical substitution approach like doping and alloying to modify the optical properties of

halide double perovskites.
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FISS Sa Wiskplge (SN A & sifgchiy ui # IV HfFw[ar $iR & S ag
J&T A & | 96 WRIkB1ge gt GURiE Pb MR 3aTss WRISHISE fefaradD!
& gRa Yuifad faweu B Sifwx FaTES Saa RIckh3ed § SU® S8IY BIdT § 3IR
HUIR GiRic B €, 3afan 3 st sifgigaaei-e oi & forg Suanf et g1 B
3MTgdge - SaTgd VAN & foe 38 3ifiie SUART &1 & forg I Sifpea ort
! GRNTIT HAT 9gd He@yul g1 ofal g | ST SR fArgrerg Imafe ufawiroe i
& S 31 Il 3 Tl B TG B BT TS YHTA! aiehT T1fad Bid & | Cs2AgBiXs (X
= Cl, Br) U 3(Ye ST 3R Tgd HHSIR Blelegm-ad (PL) dtadT a1dt UG saa
WRIDTIC §1 T FASS S0 WIckplse fRR IR 3! TR ¥ Sy [y U §, A
3% TRIE HTPIgaae e 0T I AT &I HAd B § | Cs2AgBiXs (X = Cl, Br) &
&Y B o7 dRA & oW gA 39 Il B Na & Iy Sy far sik diagsd gl

oo fafdl §RT CszNaxAg1xBiXs (X = Cl, Br) -Ifohed (NCs) 1 T 4a &I FRaAdd
forarr | 51 TRifsa IiEl o o & a1 ST giaT 5 S offelt § Na/Ag 3UTd | 3fa &
1Y TG & | 3P Sraar g aHiEt o died digar fRaer & sifaw Jawi o o
T 3HfYF B | Cs:NaxAg1xBiCls TR o1 31 Iuaift a9 & fore g9 37 Imfai # NIR
PL SISd & 3R 39 e AfeT &7 IUANT b Er’* 3R Yb** 3! & IToi ! Hde-=itd
T 8 | U Cs2NaxAg1»BiCls NCs H Er3* 3R Yb3* &1 14 fhu1 S 35 NIR &3 H IHHER

STAT 81 1540 TAUH 3R 1000 TIUH WR Higd TH3MS3R UIvd & Er¥* 3iR Yb3* & Th-
T% THHU & o SAGR 38041 T-T 81 Cs2AgBiCls IPh1I0! a=nyul faged! ardr T
I IS ST WRIBIEE ¢ SN 3 8eb JT YA & ol SHR FId1 8| 57 THET
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Cs2Nao75Ago.2sBiCls 7 Er3* 3R Yb** & Tg-SIftT o1 +t udl @vIrd 81 1540 TIEH 3R 1000
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(2.77 eV) AT Cs;AgBiCls ST IRIGERTZC o AU ' BT HHHUT YT Cu P T1Y ST
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Applications and advantages of lead halide perovskites.

Schematic illustration of external environmental factor responsible
for deterioration of emerging perovskite materials and different
mechanism followed to degrade.

Schematic illustration of how lead compounds are absorbed,
distributed and excreted in the human body. The figure shows the
percentage of lead that can be absorbed for each route of intake,
including gastrointestinal, respiratory, and dermal routes. Lead that
is not absorbed through the gastrointestinal route is excreted via the
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halide double perovskites, A>2B*B**Xs. Triangles of different colour
shown in symbols of some elements in periodic table, specify the site
occupied by these elements. Illustrated as the legend at the top middle
site.

(a) Diffuse reflectance spectra of Cs:AgBiCls showing the light
stability for 4 weeks. (b) Diffuse reflectance spectra of Cs>AgBiBrs
showing the light instability.

(a) PXRD pattern of Cs2AgBiClsshowing the stability in light and air.
(b) PXRD pattern of Cs2AgBiBrs showing the instability in light and
stability in air.
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The Jablonski diagram illustrates the electronic energy levels,
14highlighting the various steps involved in absorption and emission
processes. The diagram uses S and T to represent singlet and triplet
states, respectively. In addition, IC is internal conversion, and ISC is
intersystem crossing. The subscripts "r" and "nr" indicate radiative

and non-radiative transitions, respectively.
Schematic representation of photoluminescence spectrometer.

Schematic illustration of dependence of spin states energy difference
on magnetic field (B).

(a) Crystal structure of Cs:Nao.sAgo.sBiClsdouble perovskite NCs. (b)
Powder X-ray diffraction patterns for Cs:NaxAgixBiCls NCs (x = 0,
0.25, 0.50, 0.75, 1). The reference pattern is also shown for x = 0 and
x = 1 samples. (c) Enlarged view of the (220) reflection showing the
peak shift as a function of Na alloying. The solid line is a guide to the
eye. (d) Graphical representation of increase in d spacing with
increase in Na percentages in alloyed material Cs:NaxAgiBiCls.
The d values correspond to the (220) reflections.

(a, c¢) Low resolution TEM image and histogram of
Csa2Nay. 75A20.25BiCls cubes having average size of 12.7 £ 1.7 nm (b,
d) Low resolution TEM image and histogram of Cs2AgBiCls cubes
having average size of 12.9 = 1.7 nm.

(a). High resolution TEM image of Cs:Nao.75A20.25BiCls NCs in which
lattice fringes correspond to 220 reflections are marked. (b) Electron
diffraction pattern of Cs:Nao.754g0.25BiCls NCs showing its
crystalline nature. (c-g) Elemental analysis of Cs:Nao.754g0.25BiCls
by TEM-EDS imaging, depicting the presence of Cs, Na, Ag, and Bi,
in Cs2Nap.75420.25BiCls NCs.

(a) Absorption spectra of Cs:NaxAgixBiCls (x = 0, 0.25, 0.50, 0.75,
1) NCs exhibiting the blue shift in absorbance maxima with increase
in percentage of Na, (b) shows increase in the bandgap with increase
in percentage of Na in these NCs. (c) PL spectra of the double
perovskite NCs (A, = 350 nm). (d) Time resolved PL traces along
with the three exponential fits for the double perovskite NCs (g =
600 nm). The dashed line marks the position of 2A,,. The color
codes are same for all four panels.

Tauc analysis of indirect bandgaps in Cs:NaxAgi<BiCls DP
nanocrystals.DP0 stands for Cs2AgBiCls and DP100 for Cs:NaBiCls
. number mention with DP is nominal percentage of Na.

Calculated electronic band structures and PDOS of Cs:Na:Agi-
«BiCls for different values of x (a) and (d) corresponds to x = .25,
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(b) and (e) x = 0.50, (c) and (f) x = 0.75 from the PBE calculations,
and the corresponding bandgaps are also marked with arrows.

Comparison of bandgap obtained from experimental data and
HSEO06, PBE, and PBE+SOC calculations.

PXRD pattern of CszNao.75Ag0.25BiCls NCs with time.

Structural characterization. (a) Structure of the unit cell of
Cs:NaxAgi1-xBiBrs alloyed DP. (b) X- ray diffraction patterns (XRD)
of Cs:NaxAgi«BiBrs (x = 0, 0.25, 0.5, 0.75, 1) alloyed DP NCs
compared to the standard patterns of Cs;AgBiBrs, Cs:NaBiBrs
(Theoretical), and NaBr (materials project). (c) Enlarged view of the
intense (400) diffraction peak in XRD patterns, black dotted line is
guide to the eye for shift in peak as a function of Na%. (d) Interplanar
distance (doo) versus Na% added during synthesis. The color codes
given in panel 1(d) is same for all the panels.

Rietveld analysis of Cs:NaxAgi-xBiBrs DP NCs.

Morphological characterization of DP50 (a-d) and DPO (e-h) NCs.
(a, e) Low-resolution TEM images of DP NCs. (b, f) TEM-histograms
statistically showing the size distribution of NCs. (c, g) High-
resolution TEM images (HRTEM) depicting (400) atomic lattice
fringes. (d, h) Selected area election diffraction pattern (SAED) of
DPs depicting the bright spots for atomic planes along with their
respective (h,k,1) values.

Optical characterization of Cs:NaxAgi-<BiBrs (x = 0, 0.25, 0.5, 0.75,
1) DP NCs. (a) absorbance and photoluminescence excitation
(PLEem = 600 nm) spectra of DP NCs. (b) Excitonic peak position and
band gap estimated from Tauc Plots in (eV) versus nominal Na%. (c)
Steady state PL traces (Aexe = 350 nm). (d) Time resolved PL (TRPL)
traces of stable DP NCs with different percentage of Na (Aexe = 377
nm).Color codes given in panel 4(a) is same for all panels.

Tauc analysis of indirect band gaps in Cs:NaxAgi.BiBrs DP
nanocrystals.

HSE06+SOC DFT calculations. (a-e) band diagrams (f-j) DOS plots
for DP0O, DP25, DP50, DP75 and DP100, respectively.

PBE DFT calculations. (a-e). Band digrams (f-j). DOS plots for DPO),
DP25, DP50, DP75 and DP100, respectively.

(a-c) Electron localization function (ELF) of the DP0O, DP50 and
DPI100, respectively. The 100th slice is shown, with Bi, Na, Ag, and
Br atoms located on the plane. Blue represents low electron density,
whereas red represents high electron density.
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Comparison of band gap values calculated from experimental data
and HSE06, PBE, PBE+SOC and HSE06+SOC calculations.

(a-e). Stability analysis of Cs:NaxAgixBiBrs DP NCs with time. (a-e)
Shows the absorbance spectra of DP0, DP25, DP50, DP75 and
DP100 respectively.

Stability analysis. of Cs:NaxAgixBiBrs DP nanocrystals with time.
(a-e) Shows the XRD patterns of DP0O, DP25, DP50, DP75 and
DP100 respectively.

Structural and optical Characterization of Cs:NaxAgiBiCls double
perovskite NCs. (a) PXRD patterns (b) Absorbance spectra (c) Steady
state PL spectra, collected by exciting the samples at 350 nm. Color
codes shown in panel (a) are same for all the panels.

Structural characterization of Ev and Yb doped Cs:NaxAgiBiCls
double perovskite NCs. (a) PXRD patterns of Er doped Cs:NaxAg-
xBiCls NCs (b) PXRD patterns of Yb doped Cs:NaxAgi-xBiCls NCs.

Optical Characterization of Er and Yb doped Cs:NaxAgiBiCls NCs
DP NCs. (a,b) Absorbance spectra (c,d) Steady state PL spectra of
Er and Yb doped Cs:NaxAgi-xBiCls, respectively.

Structural characterization (a) XRD pattern of Er doped DP75 NCs.
(b) Enlarged view of (220) diffraction peak shown in Figurela. (c)
Interplanar distance (d229) versus Er % added during synthesis. (d)
XRD pattern of Yb doped DP75 NCs. (e) Enlarged view of (220)
diffraction peak shown in Figureld. (f) Interplanar distance (d>20)
versus Yb % added during synthesis.

XPS Survey Scans of DP75-Er:40 and DP75-Yb:40 NCs.

(a) XPS magnified spectra of DP75-Er:40, and (b) XPS magnified
spectra of DP75-Yb:40. All peaks were corrected according to the
standard C Is peak at 284.5 eV.

Morphological characterization of Er doped DP75 (a—c) and Yb
doped DP75 (d—f) NCs. (a and d) Low-resolution TEM images of DP
NCs, inset shows the TEM histograms statistically showing the size
distribution of NCs. (b and e) High-resolution TEM images (HRTEM)
depicting (400) and (220) atomic lattice fringes. (c and f) Selected
area electron diffraction pattern (SAED) of DPs depicting the bright
spots for atomic planes along with their respective (h, k, 1) values.

Optical Characterization of DP NCs. (a,b) Absorbance spectra (c,d)
Steady state PL spectra of Er and Yb doped DP75 NCs, respectively.

(a) Steady state PL spectra of pristine, Er doped and Yb doped DP75
NCs excited at 350 nm. (b.c) PLE spectra and scheme for PL
mechanism Er doped sample (d) TRPL traces of pristine, Er doped
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and Yb doped DP75 NCs excited using 377 nm laser. (e,f) PLE
spectra and scheme for PL mechanism Yb doped sample.

Structural and optical characterization of Er and Yb co-doped
Cs2Na,Agi1xBiCls NCs. (a) PXRD patterns (b) absorbance spectra (c)
steady state PL (d) steady state PL (e) PLE and absorbance spectra
for Er and Yb co-doped sample (f) Scheme for PL mechanism of Er
and Yb co-doped sample

(a) Images of synthesized crystals identified as HT-0 (pristine,
Cs2AgBiCls) and HT-10, HT-30, HT-50 with different Cu doping
concentration in Cs2AgBiCls. (b) Powder XRD patterns. (c) Enlarged
view of (220) peak shown in image b. (d) Normalised Raman spectra
collected at room temperature for HT-0, HT-10, HT-30, and HT-50.

Optical Characterization pristine (HT-0) and doped (HT-10, HT-30),
HT-50) double perovskites. (a) Absorbance spectra, zoomed version
of region enclosed by blue dotted line is shown in inset of the figure.
(b) Photoluminescence spectra collected at room temperature and
excitation wavelength of 400 nm. (c) TRPL traces collected for 650
nm emission, at room temperature using 375 nm laser.

Elemental analysis of HT-50. (a-e) High resolution XPS spectrum of
Cs-3d, Ag-3d, Bi-4f, Cl-2p, and Cu-2p for HT-50. (f) EPR spectrum
of HT-50. All peaks were corrected according to the standard C Is
peak at 284.5 eV.

Stability experiments of pristine HT-0 and Cu doped HT-10, HT-30
and HT-50 materials. (a). PXRD patterns showing the structural
stability of these materials for 1.5 years in ambient conditions. (b)
TGA analysis data for materials showing the similar thermal stability
of undoped HT-0 and doped HT-10, HT-30 and HT-50 DPs.

Structural and optical characterization of Cu doped Cs2AgBiCls DP
synthesized by PSG and MCS methods. (a) It shows the PXRD
patterns of pristine, PSG-50 unwashed and washed DP (b) It shows
the zoomed view of range around (200) peak in (a) and * shows the
highly intense diffraction peak of CuCl,.2H>O, (c) It shows the
enlarged view of (220) peak. (d) PXRD patterns of pristine, MCS-50
unwashed and washed DP. (e) shows the zoomed view of range
around (200) peak in (d) and * shows the highly intense diffraction
peak of CuCl2.2H>0, (f) It shows the enlarged view of (220) peak. (g)
Absorbance spectra of HT-0, PSG-50 (unwashed), PSG-50 (washed),
and CuCl2.2H>0. (h) Absorbance spectra of MCS-0, MCS-50
(unwashed), MCS-50 (washed), and CuCl>.2H>O.
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