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Abstract

Lead halide perovskites have been rising as a potential candidate for photovoltaic (PV)
and light emitting diode applications due to their impressive optical and optoelectronic
properties. However, their commercialization confronts major issues like moisture and
thermal instability and Pb toxicity. Recent development of lead-free halide double
perovskites (HDPs), A,B'C"X¢ by substituting the divalent cation Pb?* with a monovalent
and a trivalent cation have been suggested to overcome the above concerns. But most
HDPs have either indirect or wide band gaps with weak photoluminescence (PL)
emissions limiting their optical applications. Recently reported Cs,AgInCls HDPs exhibit
direct band gap as well as inherent crystal stability but they have a wide band gap (3.5
eV). They also have a very less intense, broad, defect mediated emission in the lower
energy region of visible spectrum. Hence tailoring the optical emission of Cs,AgInClg
was necessary. Here | report the synthesis and characterization of metal ion doped
Cs,AgInCls double perovskites. Doping of Mn?* transition metal ions into the Cs,AgInCle
host lattice imparted an intense emission at red region (632 nm) due to the spin
forbidden “T; - °A; transition of Mn d electrons. PL decay for doped samples revealed
sub millisecond lifetime accounted for the spin forbidden transitions of isolated Mn?**
dopants. A hyperfine splitting constant of 8.5 mT confirms the incorporation of Mn?* into
Cs,AgInClg lattice. Lanthanide ions doping (Eu?* and Sm®") were carried out expecting
sharp and intense multicolor emission in Cs,AgInCls host. Also Cs,AgIn(CI/Br)s mix
HDP synthesis was attempted for developing a direct band gap material with suitable
band gap for PV application.



Part |

Synthesis and luminescence of Mn-doped Cs,AgInClg halide
double perovskites

1. Introduction

Lead halide perovskites (LHP’s) with a general formula ABXs; (A— CH3NH3"
(Methylammonium, MA), CH(NH,)," (Formamidinium, FA), Cs"; B- Pb, X— CI', Br,, I
have become the centre of active research in the field of photovoltaic (PV) and
optoelectronics for the past few years'. Their unique intrinsic properties like high
absorption coefficient, bright and narrow band edge emission, high carrier mobility, long
diffusion length, colour tunability and solution processability have enabled LHP’s to be
used in various devices which displays high operational efficiency and economically
feasible fabrications®. But their large scale commercialization is compromised by two

major reasons; lack of thermal and air stability and lead toxicity®.

Design and fabrication of different optoelectronic devices requires semiconducting
materials which are stable for years under the relevant radiation conditions for the
commercial viability of the product. For example, in devices like Light Emitting Diode
(LED’s), the emitter materials have to be in close contact with powerful ultraviolet (UV)
flux which transfers heat energy to them during the functional time period (minutes to
hours)®. PV devices like solar cells, in addition needs air and moisture stability for a long
operational lifespan. However, LHP’s lack air as well as thermal stability to be utilized in
the above devices®. Though the exact reason is unclear, lack of intrinsic thermodynamic
stability due to very small lattice formation energy could be the cause of LHP’s easy
degradation®. Methylammonium (MA) based perovskites have shown volatile nature
even at 85 °C and degrades readily on moisture exposure despite their 22.1% power
conversion efficiency (PCE) reported so far®. Replacing small organic cations like MA or
FA with inorganic Cs™ have significantly improved the stability issues but could not

obliterate these issues completely®.



According to the Restriction of Hazardous Substances (RoHS) directive put forward by
the European Union, the total amount (by weight) of heavy toxic metals like Cd or Pb
should be less than 100 and 1000 parts per million (ppm) respectively in all electronic
devices. This has been taken forward by countries like USA and is a major constrain for
commercializing lead halide perovskites. The problem of lead toxicity becomes severe
in solar cell applications since LHPs decompose readily in rain water forming the water
soluble carcinogen Pbl, and can pollute water bodies raising environmental concerns®.
Complex encapsulation of LHPs in devices may address the problem but increases the
production cost enormously. Replacing B site cation is not an easy solution since they
are directly involved in determining the crystal structure and energy diagrams of halide
perovskite materials’. Homovalent substitution of Pb?* with Sn** or Ge*" lead to the
oxidation of the same into their respective +4 stable states and make them unsuitable
for device applications®. Replacing Pb** with Sb®" or Bi** resulted in zero dimensional
(OD) or one dimensional (1D) perovskites structures due to the vacancy formation in the
crystals owing to the difference in the oxidation states of Pb from bismuth or antimony.
The low dimensional perovskites thus formed exhibit high exciton binding energy, low
photoluminescence (PL) quantum yield, heavy charge carrier masses etc® and is not
suitable for optoelectronic device applications. Therefore, it is of great importance to find

an alternate material for lead halide perovskite with less toxic elements and high crystal

Simple Perovskite Double Perovskite
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Figure 1: Schematics showing the cation transmutation of 2 Pb** ions by a monovalent (B*) and

trivalent (C*") cations. (figure adapted with permission from Zhao et al.'® Copyright 2017,

American Chemical Society)
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stability along with the excellent properties of LHPs.

Recently, Lead free halide double perovskites (HDP’s) with a general formula A,B'C"Xg
(A- Cs*; B'- monovalent cation Au®, Ag*, TI*, Ccu*; C"- trivalent cation Bi**,Sb*"; X- CI,
Br, I) have been proposed as an alternate for CHsNH3Pbls'!. Oxide double perovskites
are a well studied system with high air and thermal stability. Heterovalent substitution of
2 Pb® ions in a simple perovskite crystal with a monovalent and a trivalent cation
maintaining the charge neutrality forms a 3D double perovskite structure as shown in
figure 1. It has been reported that most of the properties exhibited by LHP’s including
the defect tolerant nature arise from the 6s?6p° electronic configuration of lead. In order
to maintain the ns? configuration, the possible transmutation elements for HDP’s would
be isoelectronic Bi** and Sb* !!. Recently reported Cs,AgBiCls and Cs,AgBiBrg
exhibited high thermal and air stability as well as suitable band gaps (2.77 eV and 2.19
eV respectively)*? for tandem PV applications. However they have an indirect bandgap
due to a horizontal shift of valence band maxima from I point in the energy band
diagram. This push must have happened because of the interaction of Bi s states with
directional Ag d states'®. Further computational studies removing Bi s states from
energy diagram showed a direct band gap suggesting the role of Bi** in the indirect
nature of Cs,AgBiXs band gap®®. Indirect band gap results in low optical absorption
coefficients for the material and is less preferred for PV devices. Replacing Bi®*
completely with In**, the so developed Cs,AgInCls exhibited direct band gap as well as
inherent stability but they have a wide band gap (3.3 eV)*® which is not suitable for
highly efficient light absorption for devices like solar cells. Cs,AgInClg halide double
perovskite with suitable band gap engineering and subsequent tailoring of optical

properties is expected to show promise in future device applications.

In part I, | report the synthesis and characterization of Cs,AgInCls double perovskites
with Mn?* doping in order to improve PL emission from the material. Doping of materials
is an efficient and well explored method to tailor different properties of the host such as
optical properties, magnetic properties etc. Incorporating Mn?* into the inorganic crystal
lattice of different metal halide perovskites have been proven as an effective method to

introduce a broad and intense PL emission in the orange-red region of visible spectrum
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as a result of an atomic transition from “T; — °A; energy states of Mn*" ions.
Cs,AgInCls exhibits a very less intense, broad, defect mediated emission in the red
region of visible spectrum. Doping of Mn?* into the Cs,AgInCls host lattice enhanced the
emission at the red region through the mediation of Mn?* states by an efficient energy
transfer mechanism from the host. Since both host and dopant have an emission in the
red region, there is only a single highly intense red emission in the Mn?* doped
Cs2AgInCls double perovskites. This enhanced red emission along with detailed future
studies makes the material a promising candidate for application in Light Emitting
Diodes (LED’s).

2. Methodology

2.1 Materials

Hydrochloric acid (HCI, Purity-37 wt %), Cesium chloride (CsCl, 99.9%), Indium
trichloride (InCls, Anhydrous powder, 99.999%), Silver chloride (AgCl, 99.999%) and
Manganese chloride (MnCl,, 99%) were purchased from Sigma Aldrich Chemicals.
Ethanol (>99.9%) and Acetone (>99.9%) were purchased from Rankem Chemicals. All

the precursors were used as received without further purifications.
2.2 Synthesis of Mn** doped Cs,AgInClg

Undoped and Mn** doped Cs,AgInCls was synthesized by an acid precipitation
synthesis protocol that has been reported recently with slight modifications*3. Figure 2
shows a schematic representation of the experimental procedure. For undoped sample,
0.5 mmol of AgCl and InCl; each were taken in 3 ml 10M HCI. The vial containing the
above precursors was kept heating at 72 °C under vigorous stirring. Later on 1 mmol of
CsCl was added under stirring, forming a pale white precipitate immediately. The
mixture was kept heating for another 20 min to ensure complete reaction of all the
precursors. Afterwards the precipitate was filtered, washed with ethanol and dried in
oven at 100 °C overnight. For Mn?* doped samples, MnCl, was used as the manganese

precursor. For doping 0.1% of Mn?*, 0.01 mmol (0.05 mmol for 0.3% doping, 0.1 mmol

12



for 0.9% doping) of MnCl, was taken along with rest of the precursors. The synthesizing

protocol was similar as described above.

CsCl

AgCl
InCl,
MnCl, Heated at
72°C
T — T — T T
~_ 7| Constant ~
HCI Stirripg, HCI
20 min

Cs,AgInClg
Figure 2: Schematic representation of the synthesis of Cs,AgInCls halide double perovskite
using acid precipitation method.

2.3 Instrumental Characterization
2.3.1 Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

ICP-AES analysis is an emission spectroscopic technique used to detect elemental
composition of a given sample. High temperature argon plasma is used to excite
electrons from the ground state to excited states and when they return back, emits
electromagnetic radiations of specific wavelength. This wavelength depends upon
electronic configuration of different elements and thus is element specific. Intensities of
different wavelength for different elements are collected simultaneously (depends upon
ICP-AES instrument). These data are then compared with the calibration plot of

reference samples with previously known elemental concentrations.

ICP- AES analysis was carried out using ARCOS simultaneous ICP spectrometer,
SPECTRO Analytical Instruments GmbH, Germany. All samples were prepared in acid
water mix at a concentration not more than 10 parts per million (ppm) for each sample.
Dopant element concentration was kept at 100 ppm for better analysis. All calculations

on the latter samples were done normalizing by a factor of 10.

2.3.2 X-ray Diffraction (XRD)
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XRD gives information about the crystal structure, composition of crystals, size of the
particles, lattice parameter etc. The main principle of XRD pattern formation is based on

Bragg’s condition,
2d Sinf = nA

where d is the interplanar distance of lattice planes in crystal, © is the angle of
diffraction and A is the wavelength of incident X-ray. Satisfying above condition leads to
a constructive interference of x ray’s diffracted from crystals. Scanning through a range
of 20 values, all possible directions of X-ray diffraction from a particular crystal structure

is identified and recorded as XRD pattern.

Powder XRD measurements were carried out in a 20 range of 10° to 80° using a Bruker
D8 Advanced X-ray Diffractometer equipped with Cu Ka radiation of wavelength 1.54
A° All solid samples were grounded into fine powder before analysis. The

measurements were done on a glass substrate at a scan speed of 0.1.
2.3.3 Field Emission Scanning Electron Microscopy (FESEM)

FESEM technique gives important information about the surface morphology and
elemental composition of crystals. They differ from conventional SEM as they are
equipped with a narrow beam in electron gun. They can be operated at high electron
energies and thus provides a better resolution of images. FESEM measurements were
carried out using Zeiss Ultra Plus Field Emission SEM instrument. All samples were
loaded evenly on 2 mm x 1 mm carbon tape and degassed for 10 minutes before

analysis.
2.3.4 UV-Visible diffuse reflectance spectroscopy

Diffuse reflectance spectroscopy is the study of incident light scattered in all direction
from a samples. When light is incident upon solid samples like single crystals or
polycrystalline, a small amount of light gets reflected in all direction due to surfaces,
grain boundaries and multiple refractions (specular refection). Another part gets
transmitted through the crystals and is not absorbed by the sample on travelling course.
On reaching the surface they gets scattered in all direction forming diffuse reflectance.

14



The diffuse reflectance spectra is used to determine the band gap of material using a

function called Kubelka- Munk function®' defined as,

F(R) = L£R2 — ks

2R

R, K and S are reflection, absorption and scattering coefficients respectively. UV-
Visible diffuse reflectance spectroscopy is carried out by Shimadzu UV 3000 600Plus
UV-Vis/NIR Spectrophotometer in the range of 200 nm- 800 nm. All samples were

ground into fine powder before measurements.
2.3.5 Steady state PL Spectroscopy and PL decay dynamics.

Photoluminescence (PL) is the process of emission of light by a sample on relaxation
from singlet excited state to ground state via radiative mechanism. The energy of light
emitted is lower compared to the absorbed energy. This typically occurs in nanosecond
(ns) timescale depending upon the materials and lattice temperature. PL emission is
measured in the steady state mode where the sample is excited and the decay of PL is
counted as per the energy of photons. PL lifetime decay measurements were carried

out using time resolved mode where the decay in PL is measured with respect to time.

All PL measurements were carried out using FLS980 fluorescence spectrometer,
Edinburg Instruments. Lifetime decay measurements were done using a microsecond
flash lamp of 100 W power. All decay plots were fitted with inbuilt exponential fitting

package in OriginPro 8.5 data analyzing software.
2.3.6 Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy is a powerful technique to determine detailed information about
different atomic or molecular systems, especially the unpaired electrons present in
them. When an external magnetic field is applied to an atom or molecule, the electronic
energy levels of unpaired electrons would split into different energy levels. The atom
can be excited into this split levels by absorbing microwave frequency depending upon
the splitting energy. An EPR spectrum is recorded as per the number of such magnetic

resonance absorptions. The spectra are sensitive to the local environment of unpaired

15



electron. EPR measurements were carried out using a JES- FA200 ESR spectrometer

(JEOL, Japan) in X band frequency range.
2.3.7 Thermo-Gravimetric Analysis (TGA)

TGA is a thermal analysis method in which the sample weight loss is recorded with
change in temperature over time. This is a powerful method to analyze phase change,
decomposition temperature etc. of samples. All TGA measurements were carried out
using a Perkin EImer STA 6000. Samples were heated in a temperature range of 30-

800 °C at a 10 °C/ min heating rate under inert atmosphere.
3. Results and Discussion
3.1 Crystal structure and Molecular orbital diagram

Figure 3a shows a schematic of the crystal structure of Cs,AgInClg. It crystallizes in a
face centered cubic structure with an Fm3m space group and a lattice parameter a=

10.20 A° as reported earlier'®. The oxide counterparts of HDP’s are also known to show
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Figure 3 a) Schematic of Cs,AgInClg double perovskite structure in polyhedral representation.

InCls and AgCls octahedra are represented by magenta and grey colour respectively. In®* and
Ag" (magenta and grey spheres) occupy the center of their octahedra and Cs* (pink spheres)
occupy the cubeoctahedral voids. b) Schematic of molecular orbital diagram of Cs,AgInCls
showing bonding and anti bonding bands (figure adapted with permission from Tran et.al®.
Copyright 2017, Royal Society of Chemistry).
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a similar type of rock-salt orderings. It consists of [AgClg] and [InClg] octahedra
alternating in all the directions forming a 3 dimensional (3D) network with Cs” ions
occupied at the center of the cubeoctahedral space. Ag* /In®" occupies at the center of
their respective octahedra and form ionic bonds with the corner sharing CI" ions, directly
influencing the energy band diagram and electronic structure. On the other hand, Cs*
ions are held together in the voids by Wander Val’s attraction and are not bonded
chemically with the surrounding octahedra. The small size of A site cation directly
influences the 3D crystal structure formation in double perovskites like in the case of
LHP’s. The ionic radii of Ag* (1.15 A°) and In** (0.8 A°) in the octahedral environment is
in agreement with Pb%* (1.19 A°) in LHP’s.

Figure 3b shows schematics of the molecular orbital diagram of Cs,AgInCls reported by
Tran et al*®>. From this diagram it is clear that the valence band maximum (VBM) given
as blue shaded box is predominantly made up of anti bonding Ag d states and Cl p
states. At the same time, conduction band minimum (CBM) shown in non shaded box is
made up of anti bonding In s states and Cl p states. Bi** based double perovskites
namely Cs,AgBIClg or Cs;AgBiBrg has a CBM mainly constituting anti bonding CI p
states and Bi p states and VBM with anti bonding Ag d states and ClI p states. But the Bi
s state in the VBM interacts with directional Ag d states and pushes the VBM away from
I" point in the energy band diagram of Bi/ Ag based double perovskites resulting in an
indirect band gap®®. Unlike them Cs,AgInCls have a direct band gap. Thus replacing
bismuth completely with indium causes a shift from indirect to direct band gap.

3.2 Structural analysis and Morphology

ICP-AES analysis confirmed 0.1, 0.3 and 0.9% of Mn?" in the prepared samples for an
added precursor of 1, 5 and 10% with respect to the Ag and In content by weight. Figure
4a shows the FESEM images of 0%, 0.1%, 0.3% and 0.9% Mn®" doped Cs,AgInCls.
Both doped and undoped samples have a similar morphology as seen in the figure.
Crystals are multi faceted with an average size ranging below 10 pm. Zhou et al.*® have
reported an average crystal size ranging between 5 to 12 pym with a rhombic
dodecahedral shape recently which agrees with our observations.

17
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Figure 4 a) Typical FESEM images of 1) 0% 1) 0.1% I11) 0.3% 1V) 0.9% Mn-doped Cs,AgInCle.
All the magnification range is 2 pm, except for 0% (200 nm). b) Powder XRD patterns of
undoped (0%) and Mn-doped (0.1%, 0.3%, 0.9%) samples. All spectra are vertically shifted for a

better view.

XRD patterns of undoped (0%) and doped (0.1%, 0.3%, 0.9%) given in Figure 4b clearly
agrees with the already reported DFT model of Cs,AgInCls*>. No additional peaks are
observed in the XRD patterns of any samples suggesting the absence of Mn related
impurities. Also no peaks of AgCl are observed suggesting the absence of AgCI
residues in the samples. Hence, the synthesized crystals are pure and free from
impurities like un reacted precursors or secondary side products. Thus pure and
homogenously sized Cs,;AgInClg crystals can be synthesized using the adapted acid
precipitation method. The Shannon radii of Mn?** in an octahedral environment is 0.83
A° which is relatable to Ag® (1.15 A and In*" (0.8 A° in the same conditions.
Henceforth, doping Mn?* into Cs,AgInClg crystal is expected to replace either Ag* or In**
from their respective octahedra or both and thereby a slight reduction in octahedral size.
Such a change in the lattice parameter will be reflected in XRD pattern in the form of 20
shifting to higher angles. Interestingly there is no significant shift in the XRD peaks of
doped samples from the undoped ones suggesting that a very little amount of Mn*" is
incorporated into the crystal lattice which agrees with our ICP-AES results. This small

doping percent (<1%) may be due to a poor Mn?* doping tendency in Cs,AgInClg crystal
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structure. Thus undoped and doped Cs,AgInCls samples show similar structural and

morphological characteristics.
3.3 Optical Characterization

The Uv-vis diffuse reflectance spectra were measured and converted into absorption
spectra (figure 5a) using Kubelka-Munk function®* for all the synthesized powder
samples; 0%, 0.1%, 0.3% and 0.9% Mn?* doped Cs,AgInCls. From the absorption
spectra, it is seen that Cs,AgInClg is a wide band gap material with an absorption in the
near UV region. The absorption onset is seen from 350nm (3.5 eV) for the undoped and
doped samples. Thus the optical band gap of Cs,AgInClg is estimated at 3.5 eV for both
undoped and doped samples in spite of Mn®" ion doping. The small amount of Mn
incorporated (<1%) does not show significant change in band gaps. All samples show a
sharp absorption onset at 350 nm which is a characteristic of direct band gap material.
Inset of Figure 5a shows the photograph of undoped and doped (0.9% Mn) samples
under ambient light. The samples appear white which confirm the fact that they do not

absorb any light in the visible region.

Figure 5b displays steady state PL emission spectra of undoped (0%) and doped (0.1%,
0.3% and 0.9%) samples. The undoped host sample shows a PL peak at 619 nm with a
large FWHM of 186 nm (0.6 eV) when excited at 330 nm above the band edge. A high
stokes shift of 329 nm (2.3 eV) suggest that it is not a band edge emission but can be
mediated by the defect states present within the energy gap. On contrary, Mn?** doped
samples have an intense PL emission centered at 632 nm which is slightly (~13 nm) red
shifted from the undoped samples. Also the peaks are well defined and have an FWHM
of ~100 nm (0.3 eV) which is lower than the broader PL peak observed for undoped
samples. This FWHM value of ~100 nm corresponds to previously reported Mn

emissions* 7.

Undoped Cs,AgInClg has a very less PL intensity and a broadened PL emission which
can be attributed to deep trap states within the energy gap of host Cs,AgInCls and are
the main centers of non radiative recombinant processes. As a result a defect mediated

emission at lower energies is observed instead of a band edge emission. This is proved
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Figure 5a) UV-Visible absorption spectra of undoped (0%) and Mn-doped (0.1, 0.3 and 0.9%)
Cs,AgInCls samples. The spectra are normalized at the absorption maximum for all samples. b)
Steady state PL emission spectra of undoped and doped samples at 330 nm excitation
wavelength. Photographs of 0% and 0.9% Mn-doped samples under ambient light and UV
illumination (254 nm) are shown in the inset of figure a) and b) respectively. ¢) Schematic
showing the proposed emission process in undoped (left) and Mn-doped (right) Cs,AgInClg

halide double perovskites.

by a large stokes shift of 329 nm observed for undoped sample. Figure 5c presents a
schematic of emission mechanism in undoped and Mn-doped Cs,AgInCls. In doped

20



materials, excited state energy from host gets transferred to Mn?* d states and excites
the °A; ground state of Mn?*. The intense luminescence in Mn-doped samples can be
assigned to this forbidden “T; - °A; d-d transition of Mn?* sensitized by the host
Cs2AgInCls. Doping decreases the emission via trap states and increases the dopant
emission by an efficient energy transfer mechanism from host to dopant energy levels.
The *T; — °A; inner core atomic like transition interacts less with non radiative defects in
the host lattice. This can also be the reason behind the enhanced PL intensity observed
for Mn-doped emissions in comparison with prior reports® ** ?°, When the samples are
excited with energies lower than the band gap, no emission was observed. This
suggests the usual emission mechanism of Mn d electron via the energy transfer from
the excited metal halide perovskite host. This d-d transition results in a ~10 fold intense
PL peak in the red region for doped samples compared to the undoped sample in figure
5b.

Figure 5b also presents a comparison of Mn d-d emission intensity with different Mn?*
concentration. When the concentration of Mn?* is increased from 0.1% to 0.9%, the
emission band becomes stronger and intense. But as the concentration is increased
above 0.9%, the PL intensity decreases and is shown for 2.1% Mn-doped sample.
When Mn concentration is increased initially, more number of dopant centers would be
available to facilitate better energy transfer from the host material to dopant states.
However, further increase in Mn®* concentration results in the interaction between
neighboring Mn?* dipoles essentially leading to luminescence quenching and decreases
in PL intensity. Inset of figure 6b shows the photograph of 0 % and 0.9% Mn- doped
Cs2AgInClg samples under a 254 nm UV illumination. Undoped sample shows a slight
yellow color with very less intensity. This is in agreement with the PL data of undoped
sample. On the other hand, Mn-doped sample shows a bright red color emission which
agrees with the red PL emission of doped samples centered at 632 nm.

To find out the origin of this PL, PL decay measurements were conducted on both
undoped and doped samples at a wavelength corresponding to their respective peak
positions. The Mn-doped samples are expected to exhibit millisecond (ms) or sub-ms

lifetimes since the “T1- °A; Mn d-d transitions are spin forbidden. Figure 6 shows the PL
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Figure 6: PL decay dynamics of 0.1%, 0.3% and 0.9% Mn-doped Cs,AgInCls samples collected
at 632 nm with a 330 nm excitation. Inset figure shows the comparison of decay profile of 0%

sample with instrument response function (prompt).

decay dynamics measured for all the doped samples, 0.1%, 0.3% and 0.9 %.They
indeed show that PL lifetimes of doped samples are close to ms. Table 1 shows the
fitting parameters and average lifetime of PL decays obtained for all doped samples. All
decays are fitted using tri-exponential fit. An average lifetime of 367,974 and 595
microseconds (us) were observed for 0.1, 0.3 and 0.9% Mn-doped samples
respectively. Such long lifetime is accounted for the spin forbidden “T;- ®A; transition of
Mn d electrons and from isolated Mn?* ions doped into Cs,AgInCls crystals'®. The PL
decay of undoped sample is similar to the instrument response function, as shown in
the inset of figure 6. This is not surprising since the emission intensity of undoped
sample is very poor. Volonakis et al.™ reported the PL lifetime of Cs,AgInCls consists of
a fast and a slow component which when fitted individually by a mono exponential
function yielded average lifetimes of 1 ns and 6 ps respectively. At the same time Zhou
et al.* reported a bi exponential fit with a fast (16.3 us) and slow (100 ys) component.
With a very small signal to noise ratio it is very difficult to accurately determine the PL
lifetime of Cs,AgInClg double perovskites and this must be the reason for different

lifetimes obtained by the above groups
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Table 1: Fitting parameters and average lifetime of Mn-doped Cs,AgInCls double perovskite

samples.

Sample | 11 Al T2 A2 13 A3

(% Mn) | (us) (Ms) (ms)

01% | 57.3 | 84.6% | 239 | 12.7% | 1.05 2.7%

0.3% 76.1 | 70.6% | 398 21 % 1.67 8.4 %

0.9% 151 | 708% | 384 | 22.1% | 1.30 7.1%

3.4 EPR studies

Figure 7 shows the X band EPR spectra recorded for 0.3% and 0.9% Mn-doped
Cs2AgInClgs halide double perovskite samples at room temperature. Both samples show
a 6 fold hyperfine splitting structure corresponding to unpaired 3d electronic spin (S=
5/2) and nuclear spin (1=5/2) of Mn®" ions. The hyperfine splitting energy is found to be
8.7 mT (87 Gauss) and 8.5 mT (85 Gauss) for 0.3% and 0.9% Mn doped Cs,AgInCle.
These hyperfine splitting energies are similar to that reported for Mn- doped CsPbCl;
nanoplatelets (8.6 mT)'. These sharp sextet hyperfine splitting lines confirm the
presence of isolated Mn?* ions in the lattice of Cs,AgInCls HDPs. As the Mn
concentration is increased from 0.3% to 0.9% a small broadening in the EPR spectra is
observed. This broadening is accounted by the exchange interactions between Mn
dipoles as the concentration is increased. Thus the EPR spectra shown in figure 7 has
two components; sharp hyperfine splitting corresponding to iolated Mn?* ions within
Cs,AgInCls lattice and another broad component arising from the Mn-Mn dipole
interactions as Mn concentration is increased. The contribution of latter increases as Mn
concentrations is increased further. At this point it is difficult to predict whether Mn?* is
substituting both Ag* and In®** by maintaining the charge neutrality or is there any

preference for Mn?* to any one of the site.
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Figure 7: X band EPR spectra of 0.3% and 0.9% Mn-doped Cs,AgInCls measured at room-

temperature. The spectra for 0.9% Mn is vertically shifted for a better view.
3.5 Stability studies

Oxide counterparts of double perovskites are said to have high crystalline stability owing
to their rock-salt structure. Since halide double perovskites exhibits the same crystal
structure, it is expected that they will also be structurally stable at ambient conditions.
To understand the stability of undoped and doped Cs,AgInCls samples, they were
stored in ambient atmosphere for 3 months. The XRD patterns given in figure 8a show
no significant changes suggesting that even after 3 months undoped and doped

Cs,AgInClg are structurally stable.

TGA curve for undoped and doped (0.3% and 0.69%) sample shown in figure 8b display
similar weight loss characteristics. All samples are stable till a temperature of 525 °C
which confirm their thermal stability. The data is recorded from 30 °C to 800 °C, though
the weight loss is not complete at 800 °C. Since AgCIl, MnCl, and CsCl has a high
boiling point >1000 °C and InCl3 boils at 800 °C, the weight loss is accounted for some
secondary compound on decomposition of Cs,AgInClg after 525 °C. At 800 °C there is a
55% weight loss which can be due to the evaporation of CsInCl,. Thus by Figure 8 b),
the decomposition of Cs,AgInClg at T>525 °C can be written as Cs;AgInClg — CsInCl,+

CsAgCl, which agrees with the report of Zhou et al*®.
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Figure 8: Powder XRD patterns of undoped (0%) and Mn-doped (0.3% and 0.9%) Cs,AgInClg
samples after 3 months in ambient atmosphere. b) TGA curves of undoped (0%) and doped

(0.3% and 0.9%) samples
4. Conclusion

In conclusion we successfully synthesized Mn-doped Cs,AgInCls halide double
perovskites. XRD patterns showed no impurity peaks suggesting the formation of pure
crystals. Also ICP-AES analysis showed <1% of Mn doping. Undoped and doped
samples showed similar structural and morphological characteristics as well. A
hyperfine splitting constant of 8.5 mT in EPR spectra confirms the incorporation of Mn?*
in to the crystal lattice. This Mn doping gives red color emission upon UV illumination.
Cs2AgInCls with a band gap of ~ 3.5 eV absorbs this UV light and transfers the
excitation energy to Mn d electrons. Subsequent de-excitation of Mn d electrons gives
rise to a bright red emission with nearly millisecond long lifetime. Here doping has been
employed to impart optical functionality to Cs,AgInClg HDP. Along with future attempts
to achieve reasonably good charge transport, luminescent Mn-doped Cs,AgInCls can be

used for making efficient light emitting diodes.
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Part Il

Attempts to dope lanthanide metal ions (Eu* and Sm®") into

Cs,AgInClg halide double perovskite crystal

1. Introduction

Inorganic phosphor materials doped with divalent or trivalent lanthanide dopants are
known to exhibit interesting optical properties like bright and sharp band emission,
increased photoluminescence lifetime and a tunable emission in visible to near infrared
(IR) region upon UV excitation” %, Moreover all lanthanide ions exhibit high chemical
and photochemical stability with less toxicity®>. All these interesting properties have
enabled lanthanide doped materials to be widely used for different technological
purposes like LED’s, sensors, lasers, fluorescent lamps and electroluminescent

devices?,

The unique properties of lanthanide ions arise due to their 4f electronic configuration.
Moving from Lanthanum (La) to Lutetium (Lu) in the series, gradual filling of 4f orbital
takes place. The luminescence properties of lanthanide doped materials can be
considered as a result of intra f-f transition or 4f-5d transitions of lanthanide ions upon
energy transfer from host. Due to poor shielding, partly filled 4f orbitals penetrate into
5s® and 5p° core orbitals of xenon core. This restrict the ligands (in the host) to cause
any small amount of perturbation to 4f orbitals. This phenomenon known as lanthanide
contraction is the reason for the sharp emission and long lifetime observed for

lanthanide ion doped systems.

Out of all lanthanide elements, Europium (Eu®* or Eu**) doped materials became an
extensively studied system because of their ability to tune emission in visible region?°.
For example certain Eu®* doped chloride system emits in the violet region where as
some bromide systems emits in blue region®®. These emissions are due to a parity
allowed transition from 4f°5d* to 4f’ state of Eu dopants. This variability in emission
wavelength is caused by the environment of doped Eu ions; the crystal field splitting,

coordination number, Eu-anionic ligand bond length and covalence®. In a recent report
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by Pan et al.?’, Eu*" doped CsPbCl; nanocrystals showed sharp emissions at orange-
red region of visible spectrum. They also reported yellow emission for Samarium (Sm*")
doped in the same perovskite system. Sm is also a well studied system as Eu and is
known for its orange emission upon doping in bulk materials. From all the above
examples it is clear that the emission from doped Eu and Sm ions depends majorly on

the systems to which they are doped.

As already discussed in part |, Mn?* doped Cs,AgInCls halide double perovskites has a
broad emission centered in the red region, because of the spin forbidden “T; — °A; d-d
transitions of Mn®* electrons. The major drawback of such emissions is they cover only
a specific wavelength range and are limited to it. For a system like Cs,AgInClg, halide
ion exchange is not possible since its bromide or iodide counterparts does not exists
due to the less stability of MX¢ octahedra (M — Ag®, In®*; X- Br, I3, So it is of great
importance to bring multi color emission in Cs,AgInCls halide double perovskites by

tailoring its optical emission properties by suitable band gap engineering.

In this regard doping lanthanide metal ions into Cs,AgInClg appear as a novel and
promising method to impart multi color emission into the system along with Mn** ions.
Moreover certain lanthanide doping has shown to increase the excitonic emission in
lead halide perovskite system as reported by Pan et al.?” in spite of the excitonic energy
transfer from host CsPbCl; to lanthanide dopant ions. The reason for such a parallel
enhancement of excitonic as well as dopant emission is said to be due to the removal or
change of certain defect states in host material by dopant ions. Thus doping of
lanthanide ions, especially Eu®* or Sm*" seems to be a promising way to enhance the
existing emission properties of Cs,AgInClg in the visible region. Achieving dopant
related emission in the blue-violet region can lead to the development of stable and
sharp emitter materials for LEDs. Also this lanthanide doping can be extended to Mn-
doped Cs,AgInClg for generating multi color emission from the double perovskite
material. This would open a new way for developing stable and highly emissive
multicolor LED’s using a single material in future instead of using multicolor phosphor

composites.
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2. Methodology

2.1 Materials

Hydrochloric acid (HCI, Purity-37 wt %), Cesium chloride (CsCl, 99.9%), Indium
trichloride (InCl;, Anhydrous powder, 99.999%), Silver chloride (AgCl, 99.999%),
Europium (I1) chloride (EuCl,, 99.99%) and Samarium (lll) nitrate hexahydrate (Sm
(NO3)3.6H20, 99.999%) were purchased from Sigma Aldrich Chemicals. Ethanol
(>99.9%) and Acetone (>99.9%) were purchased from Rankem chemicals. All the

precursors were used as received without further purifications
2.2 Synthesis

Undoped and Eu? or Sm*" doped Cs,AgInCls was synthesized by acid precipitation
synthesis protocol that has been described in part | with slight modifications®®. For
undoped sample, 0.5 mmol of AgCl and InCl; each were taken in 3 ml 10M HCI. The
vial containing the above precursors was kept heating at 72 °C under vigorous stirring.
Later on 1 mmol of CsCl was added under stirring, forming a pale white precipitate
immediately. The mixture was kept heating for another 20 min to ensure complete
reaction of all the precursors. Afterwards the precipitate was filtered, washed with
ethanol and dried in oven at 100 °C overnight. For doping 5% of Eu?* and Sm®*, 0.05
mmol of EuCl, and Sm(NO3)3.6H,0 each were taken along with rest of the precursors in

independent vials. The synthesizing protocol was similar as described above.

2.3 Instrumental Characterization

Powder XRD measurements were carried out in a 20 range of 10° to 60° using a Bruker
D8 Advanced X-ray Diffractometer equipped with Cu Ka radiation of wavelength 1.54
A° All solid samples were grounded into fine powder for before analysis. The
measurements were done on a glass substrate at a scan speed of 0.1. UV- Visible
diffuse reflectance spectroscopy is carried out by Shimadzu UV 3000 600Plus UV-
Vis/NIR Spectrophotometer in the range of 200 nm- 800 nm. This data is converted to

absorption using Kubelka—Munk function’. All PL measurements were carried out using

28



FLS980 fluorescence spectrometer, Edinburg Instruments at an excitation wavelength
of 330 nm.

3. Results and Discussion

3.1: Structural Characterization

The concentrations of Eu and Sm dopants correspond to their precursor concentration
taken during synthesis. XRD patterns of undoped (0%) and doped (5% Eu?* and 5%
Sm*") given in Figure 9 clearly agrees with the reference data of Cs,AgInCls. No
additional peaks are observed in the XRD patterns of any samples suggesting the
absence of Eu or Sm related impurities. The Shannon radii of Eu?** and Sm*" in an
octahedral environment is 1.17 A° and 0.96 A° respectively, which is relatable to Ag”
(1.15 A°) and In® (0.8 A% in the same conditions. Hence, doping Eu* or Sm** into
Cs,AgInClg crystal is expected to replace either Ag* or In** or both from their respective
octahedra. This may or may not create a 20 shift in XRD pattern. However, the XRD
peaks of doped samples show no 26 shift compared to undoped sample. At this point it

is not possible to conclude whether lanthanide ions are doped into HDP crystal lattice or
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Figure 9: Powder XRD pattern for undoped (0%) and Eu®** and Sm* doped Cs,AgInClg
samples. All data are vertically shifted for a better view. Dopant concentration given is that of

added precursors.
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or not. Further experimental evidences (example, X-ray Photoelectron Spectroscopy

(XPS) or ICP-AES) are required for confirming doping.
3.2 Optical Characterization

Figure 10a shows the UV visible spectra for undoped and Eu®* and Sm*®*" doped
samples. The absorption onset of Eu?*-doped and Sm**-doped Cs,AgInClg is at 350 nm
(3.5 eV) which overlap with the undoped sample band gap. This suggests that there is
no band gap change in the doped sample from the undoped samples. This suggests
either the doping is unsuccessful or the amount of dopants incorporated is very less so
as to give a pronounced shift in UV data, which is the usual observation for lanthanide
doping. Pan et al.?’ recently reported that by lanthanide doping band gap of CsPbCls
nanocrystals increases due to lattice contraction created by incorporated dopants. We
do not observe such changes in lanthanide doped Cs,AgInCls because of bulk nature of

host in comparison with the nano regime samples.
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Figure 10 a) UV- Vis spectra of undoped and lanthanide doped samples. b) Steady state PL
spectra of undoped and lanthanide doped samples (Ae : 330 nm) Green asterisks indicates

scattering peaks.

To further confirm about the incorporation of lanthanide ions (Eu®* and Sm®"), PL
studies were performed on the doped samples. In contrary to the expected emission by

Eu®" or Sm*" doped samples, the PL of all doped samples got quenched compared to
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undoped samples. This suggests that Eu** or Sm** might have doped inside Cs,AgInCls
crystals but their effect observed is in contradiction to the expected results. One
possible reason can be due to dopant band gap being higher to host band gap.
Emission from Lanthanide dopants happen due to an electronic energy transfer from the
host upon excitation. In such a scenario, efficient energy transfer is difficult to happen
from host to dopant and PL can get quenched. Observing PL quenching in host material
does not necessarily mean that doping could have happen. This can happen due to

different reasons apart from doping.
4. Conclusion

Synthesis of lanthanide ion (Eu?* or Sm**) doped Cs,AgInClg HDP was carried out and
characterized by XRD, UV-Vis spectroscopy and steady state PL measurements. XRD
and UV data for doped and undoped samples were similar. XRD peaks of doped
samples showed no 20 shift compared to undoped samples. However the PL of all
doped samples got quenched. At this point it is very difficult to confirm doping in
Cs2AgInCls HDP crystals. More experimental analysis like EDX, ICP-AES etc. would be

able to give information about the doped lanthanide concentration, if any.
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Part |l

Attempt to synthesize Cs,AgIn(Cl/Br)s mix halide double

perovskite

1. Introduction

Metal halide double perovskites (HDP’s) with a general formula A,B'C"Xs (A- Cs*, B
Ag*, cu* C"- Bi*, In® X- CI', Br’, I) have been reported as a promising class of material
for PV application and a possible future alternative for organic- inorganic hybrid lead
halide perovskites owing to their inherent stability and Pb-free nature®®. Most of such
HDP’s are predicted to have tunable band gaps in visible as well as near infrared region
for better harvesting of solar energy and low effective charge carrier masses which aid
in charge extraction and transport in a solar cell*® 22 2°. However, many such HDPs exist
only as per theoretical calculations and much experimental reports are not published
yet. Recently, Bi** based HDP Cs,AgBiBrs with a band gap ~1.95 eV was reported with
a long PL lifetime of ~660 ns, defect tolerant nature and low carrier effective masses
which are ideal for light absorbing materials in solar cells®*. But these materials have an

indirect band gap that limits their PV application®°.

Cs2AgInCls HDP with inherent stability, direct band gap and low carrier effective masses
(m*e- 0.32m, and m*;,- 0.43m,) have favorable features for PV application'® *°. However
this material has a wide band gap (3.5 eV) which absorbs in the near UV region making
them unsuitable for solar cell devices. The bromide or iodide counterparts of this
material namely Cs,AgInBrg and Cs,AglInlg have a band gap tunable in the visible and
infrared region (1.7 eV and 0.5 eV respectively)'®. But computational studies on these
systems predicted thermodynamic instability of Cs,Aginlg compared to Cs,AgInBrs.
Cs2AgInBrg has low charge carrier effective masses (m*e- 0.24m, and m*- 0.34m,),
thermodynamic stability and a narrow and direct band gap® *°. To understand more
about the material stability using Goldschmidt's stability criteria, Volonakis et al.*®
calculated the tolerance factor (t) and octahedral factor (u) for Cs,AgInBrs. Even though
they showed a normal t and y (0.75 < t <1.0; p >0.41) initially, further detailed study
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showed a lower u than the normal value and consequent inability of these materials to
form a stable 3D structure. These values are shown in figure 11 where the octahedral
factor is favorable for only Cs,AgInClg and Cs,AgIn(Cl/Br)s HDP’s. Thus other than
Cs,AgInClg, the only material among Ag*/In®" based HDP’s that are structurally stable

and could be synthesized is Cs,AgIn(Cl/Br)s.
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Figure 11: Octahedral factor calculated for Cs,AgIinXg (X- Cl, ClI/Br, Br, Br/l). Figure adapted
with permission from Volonakis et al*>. Copyright 2017, American Chemical Society

In this part, we attempt to synthesize Cs,AgIn(Cl/Br)s mix halide double perovskite and
characterize the sample with XRD and UV-visible spectroscopy. This material is
expected to have a band gap in between 3.5 eV (Cs,AgInClg) and 1.7 eV (Cs,AgInBrg)
and by changing the CI: Br ratio desired band gap could be achieved. Thus the aim of

Part Ill is to successfully synthesize Cs,AgIn(Cl/Br)g for future solar device applications.

2. Methodology
2.1 Materials

Hydrobromic acid (HBr, Purity-48 wt%), Cesium chloride (CsCl, 99.9%), Indium
trichloride (InCls, Anhydrous powder, 99.999%), Silver chloride (AgCl, 99.999%) were
purchased from Sigma Aldrich Chemicals. Ethanol (>99.9%) and Acetone (>99.9%)
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were purchased from Rankem chemicals. All the precursors were used as received

without further purifications.
2.2 Synthesis

To prepare Cs,AgIn(Cl/Br)s mix HDPs, 0.5 mmol of AgCl and InCl; each were taken in 5
ml HBr. The vial containing the above precursors was kept heating at 115 °C under
vigorous stirring until all the precursors dissolve. Later on 1 mmol of CsCl was added
under stirring. The solution remained colorless and clear. The mixture was kept heating
for another 20 min to ensure complete reaction of all the precursors. Afterwards the
solution was allowed to cool to room temperature slowly forming white and shiny
crystals. The crystals were filtered, washed with ethanol and dried in oven at 100 °C

overnight.

2.3 Instrumental Characterization

Powder XRD measurements were carried out in a 20 range of 10° to 60° using a Bruker
D8 Advanced X-ray Diffractometer equipped with Cu Ka radiation of wavelength 1.54
A°. Samples were grounded into fine powder before analysis. The measurements were
done on a glass substrate at a scan speed of 0.1. UV- Visible diffuse reflectance
spectroscopy is carried out by Shimadzu UV 3000 600Plus UV-Vis/NIR
Spectrophotometer in the range of 200 nm-800 nm. This data is converted to absorption

using Kubelka —Munk function®'.

3. Results and Discussion

3.1 Structural analysis

XRD pattern recorded for the as prepared Cs,AgIn(Cl/Br)s is displayed in figure 12
along with Cs,AgInCls reference data™®. It shows the peaks corresponding to reference
pattern suggesting the formation of Cs,AgInCls. However the peak intensities are
different from the reference data and are overlapped my many impurity peaks. Since the
synthesis is carried out in an open vessel, there is a chance of forming oxide impurity

along with the desired product. The octahedral factor for CI/Br mix HDP is close to the
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threshold value compared to Cs,AgInCls. Hence the crystal formation will be difficult and
slow, causing other impurity pathways competing to overtake the CI/Br mix HDP

formation. Synthesis is carried out 115 °C and cannot be raised beyond 120 °C since

—— Cs5AgIn(CI/Br)g
=== Cs,AgInClg ref.

IR W
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Figure 12: Powder XRD pattern of as synthesized Cs,AgIn(Cl/Br)s mix halide double perovskite

Intensity (a.u)

the boiling point of HBr is 122 °C. If the synthesis would have carried out at elevated

temperature, there is a possibility of the product formation with little side products. The

use of other Br precursor’s were also tried in HCI, but was not successful either.

3.2 Optical Characterization

UV —Vis absorption spectra collected for as prepared Cs,AgIn(Cl/Br)s mix HDP is given
in figure 13. This is similar to the absorption data for Cs,AgInCls given in the same
figure. But the absorption onset is shifted from 350 nm (3.5 eV) to 333 nm (3.7 eV). This
might be due to measurement errors. The color of the compound appears white similar
to Cs,AgInCls under ambient light. Thus optical analyses suggest the formation of
Cs,AgInClg instead of a CI/Br mix of the same material. This must be due to the ease in

formation of Cs,AgInCls compared to Cs,AgIn(Cl/Br)e.
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Figure 13: UV-Visible absorption spectra of as prepared Cs,AgIn(Cl/Br)s HDPs

4. Conclusion

Synthesis of Cs,AgIn(CI/Br)s mix halide double perovskite was unsuccessful. Structural
and optical characterization of as prepared samples showed the formation of
Cs2AgInClg instead of CI/Br mix. This might be due to comparatively low formation
energy of Cs,AgInClg compared to CI/Br mix HDPs. A revised experimental strategy
should be adopted for the synthesis of CI/Br mix of Ag*/In** HDPs. This can only be

achieved by a detailed understanding of the formation mechanism of the same.
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