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ABSTRACT

Metal oxides having the chemical formula of ABOs are in general known as perovskite

materials. They exhibit many interesting and intriguing properties from both the theoretical and
the application point of view. Many interesting properties such as colossal magnetoresistance,
ferroelectricity, superconductivity, charge ordering, spin dependent transport, high thermo power
etc. and the interplay of structural, magnetic and transport properties are commonly observed
features in this family. Recently there is tremendous interest on organic-inorganic metal halide
perovskites (for example, Methylammonium lead halide), the most popular being
Methylammonium lead iodide i.e., CH3NH3sPbls. Such hybrid metal halides have shown very
good performance in photovoltaics with more than 22% efficiency. Large carrier diffusion
length, high mobility, low excitonic binding energy, tunability of the energy band gap over a
wide range, etc. are the reasons for its excellent optoelectronic properties. Besides these
intriguing features, facile and budgetary preparation methods also add up an additional
advantage to their widespread usage.

This dissertation describes facile synthesis procedures to prepare such beautiful and functional
materials i.e. Methylammonium lead halide and some devices based upon them. After
characterizing the synthesized materials having various morphological features, their non-trivial
device applications, such as electron field emission, have been explored in detail. Starting from a
formal and preliminary idea of perovskites and their classes, Chapter 1 elaborates the emergence
and significance of Methylammonium lead halides from application point of view. In addition to
the various advantages such as wide band tunability and easy synthesis routes, the intriguing
properties and the current challenges have also been discussed in this chapter.

With a literature review of past work in Chapter 2, Chapter 3 demonstrates the characterization
techniques and tools used in this study. Chapter 4 describes the materials synthesis and device
fabrication protocols adopted in this work. Identifying the necessity to explore nontrivial
application possibilities of hybrid metal halide perovskites other than photovoltaics, Chapter 5
presents a detail investigation of electron field emission from Methylammonium lead triiodide
(CHsNHsPbls) nanostructures which were prepared by a facile room-temperature wet chemical
method via simple variation of the synthesis parameters. Prominent electron emission was

obtained from nanorods emitters which was also corroborated with theoretical simulations.
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Chapter 6 describes further enhancement in the emission performance by vertical orientations of
the nanorods emitters under light illumination. The vertically aligned nanostructures showed
superior emission behavior compared to what obtained in the earlier studies with scattered
nanostructures. Excitation with near infrared light boosted the emission parameters furthermore.
Susceptibility of CHzNH3sPbls towards atmospheric water is an alarming issue, which hinders its
long-term commercial application. Chapter 7 addresses this issue and demonstrates a strategy to
improve photodetection performance with robust moisture resistance by low dimensional V20s
incorporation into CHsNHsPblz. The modified sample showed manifold improvement in the
device performance in terms of better on/off ratio, responsivity, detectivity, external quantum
efficiency and response times.

Chapter 8 describes bias dependent impedance spectroscopy of CH3NHsPbls and unlocks the
possible relaxation mechanisms in radio frequency regime. Two relaxation entities were
identified to manifest into capacitive/inductive switching in form of pseudo-negative
capacitance. The findings indicate application possibility of CH3NHsPbls as decoupling
capacitor in electrical circuits.

The thesis finally ends with Chapter 9 where it concludes with a summary of the research works
and findings during the execution of this Ph.D. work. The chapter also projects a future outlook
to take up further research in this direction.

(Nripen Besra)

April 2022

Thin Film and Nanoscience Laboratory
Department of Physics, Jadavpur University
Kolkata 700032, INDIA
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CHAPTER 1

Introduction

For thousands of years, ages have been named after the materials prevailed at those eras e.g. Stone

Age, Bronze Age, Iron Age and so on.[!l Materials have always defined and shaped human
civilization by their technological uses. We, the present generation, are not any exception. When the
entire globe is at the bottleneck of the conventional energy, scientists are desperately looking for
something (a material) that can harness energy for meeting our gigantic energy demand. When
talking about the alternative unconventional energy solutions, solar cells come into our mind first.
Solar cells based on Silicon (Si) or other materials like Cadmium Telluride (CdTe), etc. have
captured the markets as alternative energy technologies. But researchers are trying theirbest to make
these cells cheaper, more durable, more efficient and obviously more environment friendly.
Perovskites in this context can help us a great deal. With easy and cost-effective synthesis
techniques, the materials come with large band gap tunability, high carrier mobility and most
importantly, large light absorption coefficient. Apart from solar cells, other important technologies
like LED (Light emitting diode), photodetector, etc. have also been devised with it.

1.1. A brief idea on perovskites and their classifications

The origin of the nomenclature ‘Perovskite’ dates back to the discovery of a calcium titanate based
mineral in the Ural Mountains by a German scientist Gustav Rose in the year 1839. In the honor of
a Russian Mineralogist Lev VVon Perovski, the mineral was later named as ‘Perovskite’.[?l However
after a certain time, the terminology became more generic to cover a large class of materials.
Materials with the crystal structure of ABOs i.e. similar to that of CaTiOs are now generally
identified as perovskites. The simplest crystal structure of a perovskite unit cell is a cubic one which
is shown in Figure 1.1. The cell parameters are defined as: a=b =c and o = B =y = 90°. Allowing
different elements or groups in place of A, B or O sites can lead to large spectra of materials under
this common name called ‘Perovskite’. The stability of these crystal structures, however, depends

on Goldschmidt tolerance factor (t) defined as follows.!

(Ra+Ro)

BRETEI) (1.1)
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Here Ra, Re and Ro are ionic radii of A and B site elements and oxygen, with Ra > Rs. Hence,
tolerance factor t is simply a ratio of distance between A and O site elements to the distance
between B and O site elements considered in an ideal solid sphere model. The ratio Rs/Ro is
sometimes referred to as octahedral factor p. A stable structure should have t value in the rangeof

0.75-1.

Figure 1.1: Crystal structure of CaTiO3 (showing thegeneral perovskite structure of ABO3)

Perovskites can be mainly classified as oxide (ABOgz) and halide (ABXa) types, where X stands for
halogens i.e. Cl, Br, |, etc. A picture showing the classifications of this class of materials is provided
in Figure 1.2. Further classification of oxide perovskites apart from ABO3 (for example, CaTiOs,
BaSnOgz, etc.) e.g. layered types, double perovskites and triple perovskites are alsofound in
literature. Chemical formulae for these types of oxide perovskites are given as: A2BO4 (for example,
Sr2RuQOg4), A2BB’Os (for example, Ba:TiRuOg) and A2A’B2B’Og (for example, La:SrCozFeQOog)
respectively. [+l Sometimes mention of other oxide type perovskites are also reported by research
groups, called as homologous series comprising of An+1BnOszn+1, AnBnOszn+1 and Bi2An-1BnOznss.

These are named as Ruddlesden-Popper, Dion-Jacobson and Aurivillius

series respectively. [ The halide type, on the other side, can be classified as inorganic (e.g.
CsPbX3) and organic metal halide (e.g. CH3NH3PbX3-methylammonium lead halide) types mainly.

However, mixing of different types of cations (‘A’ part in ABX3) can also lead to another
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category of halide perovskites, which may be called organic-inorganic or hybrid types. It is to be
mentioned that researchers possess a holistic view while referring CH3NH3PbXs as both
organometal halide perovskite as well as hybrid organic-inorganic metal halide perovskite is to

occasionally. 10231

Perovskite
Oxide Halide
AB| o A,BO, A,AB,B’O, Organic Hybrid
3 .
A,BB’O, Inorganic
Homologous series
An+1 Bn03n+1 Aano3n+l BiZAn-an03n+3

Figure 1.2: Classifications of perovskite

Figure 1.3: Crystal structure schematic of CH3NH3PbX3
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Exploration with Chalcogenide perovskites is also under progress.[**! Mainly found as materials for
capacitor, memory devices and superconductors, low energy band gap and high crystalline
distortions make them unsuitable for photovoltaics and related sectors. Coming to this thesis, it will
be focused with research activities related to the organic-inorganic metal halide perovskite
CHsNH3PbXs (mainly CH3sNHsPbls-methylammonium lead iodide), a schematic picture of the
crystal structure of which is given below (Figure 1.3). lonic radii i.e. RA for methylamine and RB
for lead cation are 0.18 and 0.119 nm respectively; whereas Rx for the halogen anions i.e. chlorine,
bromine and iodine are 0.181, 0.196 and 0.220 nm respectively. The tolerance and octahedral
factors for these halide materials come in the range 0.81-1.11 and 0.44-0.9 respectively.l"! The
lower t values correspond  to tetragonal/orthorhombic crystal structure, whereas comparatively
higher t values (t > 0.89) do the cubic one. Transitions between these phases are highly dependent
on temperature for all these halide perovskites. Heating the material generally leads to phase
transition from low temperature tetragonal phase to high temperature cubic one. The less symmetric
tetragonal phase of CHsNHsPbls is reportedly the most important one, available at room

temperature.

1.2. Emergence and various advantages

1.2.1. Emergence of hybrid metal halide perovskites

Although the first report on hybrid halide perovskites was documented long back in nineteenth
century, 6 effective research output has come only recently during studies with thin films.[}":2]
Despite anticipating photovoltaic outcomes from these studies, it wasn’t taken up further due to lead
toxicity and instability with tin. In 2006, it once again came back on track when solar cell based on
Methylammonium lead bromide was reported to have an efficiency of 2.2%,% driven by the
motivation grained from a work on dye sensitized solar cells showing self-organizing capability of
perovskites among TiO> layer. An efficiency of 3.8% was achieved the next year with
Methylammonium lead iodide,?@ which was further increased to 6.5% in 20112 by surface
treatment with titanium oxide. Problems with liquid electrolytes were solved by the introduction of
spiroMeOTAD (2,2°,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’- spirobifluorene), a solid
state hole transporting material (HTM), which stopped perovskites to dissolve into the so far used
liquid dye sensitizers and thus stabilized the device with animproved efficiency of 9.7%.221 A

parallel research activity was also going on by Snaith and his team to enhance the device stability
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and carrier transport by partial chlorine substitution into iodine sites.324 In addition to this,
introduction of thin layer of perovskite as well as replacement of TiO2 by Al.Os pushed the
efficiency t010.9%, thereby establishing electron and hole transporting character of perovskites. The
cell efficiency continued to improve by partial substitution of iodine with bromine, which has
smaller ionic radius.!?! The device gained more immunity in humid ambience. Efficiency of 14.1%

was achieved by Gratzel et al. with morphological engineering via two step deposition technique.?!

>

Number of publications in Google Scholar

1990 1995 2000 2005 2010 2015 2020

Year of publications

Figure 1.4: Schematic representing yearly research progress

Further morphological tuning, halide mixing and optimization of HTM layer boosted the device
efficiency t019.3% by 2014.7%1 |n 2015, efficiency of perovskite based solar cells reached a
certified value of 22.1%.5° Currently recorded efficiency of 25.2% was achieved via further device
optimizations,? involving in situ formation of perovskite from separate Pbl, deposition and
CH3NHj;l vapor,B% compositional tuning of both the cations and halogen sites, specially halide

mixing,:-34 optimization of hole transport and electron transport layers,[>38 etc. With the
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experience gained so far in dye sensitized and organic device technologies, rapid progress in the
research activities on halide perovskites took place owing mainly to their easy preparationmethods
and remarkable optoelectronic properties. A survey on the number of publications on organic-
inorganic metal halide perovskites at every 5 years duration is made based on the results from
Google Scholar search (Figure 1.4). Till 1990, the total number of publications is found to be 77.
As revealed from this survey, the number of publications in the periods 1991-1995 and 1996-2000
were 45 and 147 respectively, increasing further to 323 in the next 5 years span i.e. from 2001 to
2005. In the period 2006-2010, total 498 documents were published on such perovskites; whereas
this number reached 2150 in 2011-2016. A huge number of publications were registered in the
tenure 2017-2020, with a surge of 15900. Even within this worldwide pandemic situation, a huge

volume of publications (as large as 2480) has been documented till date (March 2022).

1.2.2. Technological importance of hybrid metal halide perovskites

Apart from solar cells, various other device applications have been found for organic-inorganic
metal halide perovskites, some of which include lasers, LEDs, photodetectors, transistors, memory
devices, charge storage devices, and so on. Advantage of using organic-inorganic hybrid halide
perovskites is very prominent from these device realizations, some of which being discussed as

follows.

(i) Laser: Documentation on organic-inorganic metal halide perovskite lasing was made in 2015 by
Zhu et al. using solution phase recrystallized CHsNHz3Pbls single crystal nanowires of dimensions
comparable with the emitted light wavelength to play the role of Fabry Perot nanocavities.[*?! With
threshold value and quality factor of ~220 nJ/cm? and 3600 at room temperature, wideband tuning
over wavelength was demonstrated using variation in stoichiometry. Stoichiometric variation in the
A (cation) and X (halide) sites of ABX3 can lead tobroad wavelength tunability over the range 420-
820 nm. This performance superiority in comparison to the values obtained from lasers based on its
polycrystalline films, other nanostructures #1421 and some other 111-V semiconductor materials as
well 344 mainly owe toits extraordinarily less number of non-radiative carrier recombination and
high quantum yield of ~87% without any passivation treatment on its surface. Lasing from
polycrystalline CHsNHsPbX3 nanowires was also reported by Xing and his group,*! but with
inferior device performance because of poor crystalline nature of the material. This morphology
dependence on lasing has been discussed in detail by Zhang et al. in a review in 2017.16] Despite

remarkable lasing outputs, the devices suffer from instability issues under long light exposure.7-4°
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Large cross-sectional absorption of multi-photons and population inversion with low threshold
values were utilized by Gu et al. and Zhang et al. for devising multi-photonic pumped perovskite
lasers.[%%1 In a communication published in 2019 by Kim et al., the research group reported lasing
from metal halide perovskite, driven via optical pumping.[? With two separate emitting diodes (top
and bottom), nanoimprinting technology was used to design 2" order feedback distribution into
CHsNH3Pbls. With a low threshold value of ~ 6 pJem™ with ~ 0.1 % quantum efficiency at room
temperature, maximum value of the device current density was registered as ~2 Acm. Maximum
possible current density was projected to be ~ 2 kAcm, which can be realized by upgraded film
qualities, reduced area, low temperature and improved design in electronics. Random lasing action
in CH3NH3Pblz 2D structure is observed with low threshold value < 0.5 nm, revealing its gain
property®3l with vertical cavity surface emitting laser (VCSEL) design.[®*% Zhang et al. in 2014
demonstrated hybrid mixed halide nanoplatelets showing solid state lasing in near infra-red
regime.*Y The good lasing qualities achieved with this whispering gallery mode (WGM) design
were attributed to large value of excitonic binding energy, long carrier diffusion and very good
quantum yield. Similar findings are also reported with self-assembled bromine based perovskite.°®
Pioneered in 1971, distributed feedback (DFB) type perovskite lasers come with cost effective
mirror less architecture and broadband tunability in single mode operation having high
scalability.® Furthermore, lasing based on halide perovskites with various morphological features
e.g. micro crystals,’® micro rods,®% and quantum dots,[® etc. has also been explored for achieving

better quality factor.

(i) LED: Hybrid metal halide perovskites, owing to high quantum vyield with long carrier
diffusion length and low non-radiative carrier recombination, have established their credentials as
light emitting devices (LED).[52-%% The usual sandwich architecture allows multilayer design and a
better play over device optimization with wavelength tunability. Halide varied red to green emission
was demonstrated in 2014 from sandwiched halide perovskites with very good efficiency due to
carrier confinement within perovskite.[® Band gap optimized bright LEDs of 1.7 eV was also
devised by energy band gap tuning via halide mixing technique.[% Utilizing excitonic quenching
and enhanced hole injection, bright light emission with increased efficiency from bromine based
perovskite was reported at room temperature.l”1 Solution processed CHsNH3sPblzxClx based LED
emitted bright NIR photons, with very low nonradiative carrier recombination as supported by the

strong photoluminescence signal.[®® The efficient light emission, gained in this work, was attributed
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to very good carrier injection as a result of optimumband alignment. Among the various small-scale
morphologies of halide perovskite used in LEDs, nanorods of Methylammonium lead halide are to
be mentioned.[31 When compared to its thin film counterpart, the nanostructures provide larger

surface area with better carrier injection and thus improve the overall device qualities.

(iii) Photodetector: Typically fabricated via room temperature solution processed cost-effective
techniques,"®7®1 hybrid halide perovskite showed its potential application as photodetectorscovering
a wide spectrum of detection range, i.e. from UV (ultra violet) to near infrared (NIR). The debut
work on visible-blind UV detection from single crystalline Methylammonium lead chloride was
reported in 2016.I71 Because of the large carrier mobility with long lifetime as well as the presence
of heavy elements e.g. lead, iodine, bromine, etc., the detection range occasionally extends even to
X-ray and gamma rays as well. Detection of energy varied X-ray (<50 keV) with 16.4% efficiency
was reportedly achieved by single crystalline halide perovskite,[”® followed by another report on
X-ray detection in 2017.I"1 However, the work came up with improved sensitivity of 2.1x10*
MC.Gyair '.cm™ at 8 keV radiations, achieved through dark current suppression. Bulk halide
perovskite crystals suffer from various kinds of defects, which can be reduced dramatically in lower
dimensions. 2D planar structures of perovskites in form of nanoflakes showed enhanced device
performance due to improvements in crystal quality.[®® 8821 Photodetector based on extremely thin
Methylammonium lead halide registered photo-responsivity as high as 22 AW at an operating bias
of 1 V.1l Photodetector made of Methylammonium lead chloride demonstrated robust detection
with high detectivity and good response time (~millisecond).®¥ Similar work with
Methylammonium lead iodide single crystals also proved better device performance compared to its
other polycrystalline counterparts.® Engineering of high quality single crystal helps achieve very
low dark current with high gain due to less number of defects. Owing to this property,
photodetectors based on single crystalline Methylammonium lead iodide nanowires were fabricated,
delivering extraordinary outputs so far.881 Having a dynamic range > 150 dB and 0.8 MHz
frequency bandwidth (max), the device showed photoresponsivity and detectivity reaching to 10*
A/W and 102 Jones respectively. Moreover, photodetectors which can run on their own i.e. self-
powered type have also been devised from hybrid halide perovskites.!® Heterojunction architecture

with metal oxides (for example, ZnO)®° and chalcogenides (for example, Mo0S2)PY can also be

found to produce very high responsivity of 1.94 x 10° A/W.
(iv) Field-effect transistor: The first documentation reporting successful fabrication of field effect
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transistor (FET) based on hybrid halide perovskite demonstrated room temperature electrical studies
with carrier mobility ~ 1 cm?/Vs.PI Although creating room for flexiblepolymer technologies, the
device however suffered from instability due to material degradation. In an attempt to investigate
carrier transport in CH3NH3Pbls thin films, use of FET demonstrated device architecture and its
optimization could lead to improved device stability and reduced hysteresis loss.[® With room
temperature electron mobility of 0.5 cm?/Vs, the work explored temperature dependence on charge
transport which includes ion migration induced by point defects, disordered MA™ orientations and
temperature induced vibrations of PbXs octahedrons. Application possibility of halide perovskites in
FETs with generic configurations was investigated by designing bottom gate devices on
semitransparent and flexible substrates.®®] Ambipolar transistors based on micrometer thick high
quality Methylammonium lead halide single crystals were fabricated using inverse temperature
crystallization, generating less contaminated highly smooth perovskite surface.[*l With low turn on
bias voltage and carrier mobility of 1.5 cm?/Vs, the devices gave very high on/off ratio of the order
of 10°. Gate modulated room temperature FET was achieved by incorporation of dielectrics with
high k value.[®®! Highly reduced hysteresis was observed with balanced carrier transport throughout
100 operational cycles under dynamic bias conditions, correlating structural configuration with
illumination and external electric field. To have overall performance enhancement, defect density
and ion migration were reduced through cation (i.e. Cs and Rb) mixing in the ‘A’ sites of ABX3.l%!

The method resulted into constant retention of threshold voltage over duration as long as 10 hrs.

(v) Resistive memory devices: Potential application of hybrid metal halide perovskites as
nonvolatile type memory devices were demonstrated on transparent and flexible substrate.[*’]
Originating from defect migration, the perovskite layer formed internal conducting channels
through it and thus changed its resistance property upon external field. CHsNHsPbl;—xBrx based low power
resistive random access memory (ReRAM) was fabricated with the lowest set value for CH3NHsPbBr3
owing to easy migration of bromine vacancies in comparison to iodine ones.®® The lowest electric field set
value was achieved to be 3.44 x 10* V/cm along with a very good retention over 10* s. Using ZnO and AlOx
as passivation layers, lifetime of such devices was further extended to as long as over a month in the ambient
condition.® Core shell architecture, formed by decorating Methylammonium lead bromide nanocrystals
upon Cadmium sulfide nanoribbon, was used in high performance memory device.'® This low dimensional
perovskite based device came up with a large potential window of 77.4 V and on/off ratio of 7x10’. Paving
ways toward a generic fabrication protocol applicable for other perovskite nanostructures as well, the device

achieved stability for as long as 50 days with retention of 12000 s. In the context of using low-dimensional
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perovskites, nanoparticles based ReRAM also gave excellent and substantial memory characteristics.[%
Passivation with ZnO layer on Methylammonium lead iodide film extended the device stability further to 3
months.[1%l Resistive switching (RS) based on 2D/3D heterojunction structure gave an on/off ratio of 108,
enduring for 2700 cycles with operating speed 0.64 ms. The highly conducting (thermal) 2D layer was
speculated to obstruct silver ions to migrate into the 3D film and protect the filament from rupture.[*! Recent
work on bipolar RS used bias dependent Schottky barrier formation upon accumulation of iodine interstitials
and oxygen vacancies near CH3NH3Pbls/TiO2 interface, being asymmetrically polarized by a surrounding

space charge as a consequence. Biased at -0.85 V, the device showed very good retention for > 10000 s.1*%4

(vi) Energy storage devices: Methylammonium lead halide perovskite found its application as the
electrode in Li ion batteries. Almost undistorted by the topotactic intercalation of Li* ionsinto
perovskite structure, the device gave stable performance with ~ 200 mAhg™* specific capacity.['%!
When operated at 100 Hz, device based on CH3NHsPbls pellets recorded energy density 34.2
Wh/kg, allowing an operating potential window as broad as 10 V. Limited by the Pb-I stretching
mode, room temperature average areal capacitance of 432 mF/cm? was registered up to 100 kHz,
followed by a significant dip afterwards.['%! Size varied microcrystals of CHsNHsPbBrs were
prepared and their impact upon electrochemical properties in Li* battery was investigated. Owing
to the presence of less defects and good interfacial charge transfer, stable device performance over
1000 cycles of operation was achieved.l*”] Superficial faradaic process with improved rate
capability was obtained in CHsNHsPbls based supercapacitors.l’®! Determined by pseudo-
capacitance and diffusion induced intercalation processes, more than 90%capacitance retention was
gained in this study, accompanied by a specific capacitance and energydensity of 407 Fg* and 56.5 Whkg*
respectively. Fabricating all-solid-state architecture with symmetric electrodes configuration with halide
perovskites, Popoola et al. exhibited supercapacitors with the areal capacitance of 21.5 uF/cm?, which is
reportedly the highest value so far.X%°! Along with power density of 5.05 W/cm? and performance retention >
98 % even after1000 operational cycles, the supercapacitor showed relaxation time of 251.19 us interpreting

excellent discharging properties.
1.2.3. Advantages of hybrid metal halide perovskites

Among several advantages of organic-inorganic metal halide perovskites, ease of preparation and
broadband tunability have boosted research communities to take up further investigations with this
class of material from the very beginning. These two aspects, as briefed below, highly determine the

materials characteristics and device performance in the ultimate.

38



(i) Easy synthesis routes: With inherent low formation enthalpy, crystallizing metal halide
perovskites is just a matter of seconds. They are mostly deposited in form of uniform thin films by
solution process and vapor phase deposition techniques at room temperature. The solution process
uses a polar solvent for the precursors and films are deposited using some coating or printing
technique. Rapid crystallization of perovskites with high quality is achieved by this facile
technique at ambient condition. The film qualities are controlled by solution concentration and the
coating related operational parameters. Uniform and pin-hole free films with high surface coverage
can be deposited by vapor deposition method, driven by the high rate of ion migration in
perovskites. A combination of these two methods i.e. solution processing as well as evaporation
technique avoids requirement of vacuum during film formation and hence reduces cost. Chemical
vapor deposition (CVD) method leads to cost-effective, large scale fabrication of perovskite thin
films. With a very good control over size and ability of compositional variations, wide spectrum of
morphological features in nano domain can be unlocked by colloidal and ligand assisted
reprecipitation (LARP) techniques. Nanoparticles (NP) of Methylammonium lead halide are also
synthesized from hot injection and template assisted methods. In addition to inexpensiveness, the
later possesses a very good control over uniformity and scalability. High quality single crystalline
CHsNH3PbXs can be formed by anti-solvent crystallization technique, yielding excellent carrier
transport properties. Nanowires (NW) formed via ion exchange show large compositional

variations.

(if) Wide range tunability: The optoelectronic features of halide perovskites can be very easily
enhanced by tuning the energy band gap of these materials via compositional modification over a
wide range of solar spectrum.!1%111 Entire visible part i.e. 1.5-2.3 eV can be accessed by bromine
mixing with iodine in Methylammonium lead iodide, giving well control over the cell efficiency
with more ambient stability.®>%1 Halide varied strong Iluminescence was achieved with
wavelength tunability giving bright green to red emission. Very good broadband photodetection
with regulated spectral response was realized from bromine doped single crystalline
Methylammonium lead chloride.l®®%6.771 |n addition to anion/halide mixing, complete or partial
cation modification, for example incorporation of Formamidinium (FA) in place of
Methylammonium (MA) ion, also results into tuned band gap with enlarged carrier extraction
and improved thermal stability.[3233112] Replacing toxic lead (Pb) with tin (Sn) not only shrinks the
band gap to 1 eV, but also make the device eco-friendlier with better carrier transports
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properties.[*13-1%61 Doping with other impurities also has similar functional impacts on the material
properties.!17121 |n situ morphological variations from bulk to numerous low- dimensional features
were obtained to unlock the quantum effects.[*??l Methylammonium lead halide nanocrystals (NC)
with varying size were prepared by bifurcated capping agents.[*?®l Size variation (3-8 nm) of
Methylammonium lead bromide nanoplatelets can also be seen to be influenced by precursor

treatment,[124]
1.3. The intriguing properties

With a high photo absorption coefficient (~10° cm™) of solar light around 1.5-1.6 eV,
Methylammonium lead iodide comes with a direct energy band gap in the IR/NIR region. Whereas
the energy band gaps of its other counterparts i.e. CHsNH3PbBrsand CH3NHsPbCls lie around 2 and
2.5 eV respectively. The observed absorption features, in very good alignment with theoretical
findings,*?1%1 make them compatible for photovoltaic applications. The monovalent cations
situated in the innermost center of the unit cell of metal halide perovskites govern the lattice
parameters, which in turn decide the absorption onset of the material. Although possessingall direct
gap material features, presence of mixed optical transition i.e. direct and indirect both has been
found in literature.l’?” Like other I11-IV direct gap semiconductors, two absorption signatures
are seen to arise from excitonic response and spin orbit interaction,*?] the unbroadened part being
addressed by Elliott et al.[’?®l The band gap for CHsNHsPbls is defined by the energy levels
corresponding to the two electronic orbitals i.e. iodine 5p and lead 6p. The first one generates its
valence band whereas the latter does the conduction band.[*3%31 The conduction band splits due to

temperature dependent®2133 reversely ordered band edge.[*3

Binding energy of excitons in metal halide perovskites decides the dominant transport mechanism
under excitation.!3! Identified as Wannier-Mott type, these excitons reportedly come up with
binding energy of 2-60 meV at room temperature, with discrepancy and lack of proper
modelling.[**¢-1381 Temperature dependent photoluminescence study reveals 50 and 75 meV for
CHsNH3sPbls and CH3NH3PbBrs respectively. Described by Elliott’s theory, prominent quantum
confinement effect on the binding energy can be seen in low dimensional 2D perovskites.[** The
derived binding energy (hundreds of eV) for these low size features are much higher than that of
bulk counterparts*4%-142l due to less screened electron-hole Coulomb interaction.[**l Room

temperature Bose-Einstein condensate was achieved from exciton- polariton, a bosonic quasi-
40



particle produced from strongly interacting excitons with cavity photons in perovskite nanowires
systems.[24414] | asing with low value of threshold can be basedupon such condensate states, even
without any population inversion scheme. Stronger interactionbetween exciton and cavity photon in
Methylammonium lead bromide nanowires is accredited to enhanced surface Plasmon effect with

localized excitation.[146]

The nonradiative type low charge recombination in metal halide perovskites results into high
efficiency value of external radiative emission**”l or small difference (450 meV, for example)
between the open circuit voltage (Voc) of the device and potential corresponding to energy band gap
i.e. E¢/q.1*®l Such low nonradiative recombination results from large crystalline grains with low
grain boundary defects. First principle study on intergranular defects in Methylammonium lead
iodide categories these defects into Schottky type and Frenkel type,**? neither leading to
nonradiative recombination. Similar studies attribute Pb vacancies and MA interstitials to the main

defect mechanisms in these perovskites.*5%

Radiative transitions obtained in PL studies revealed that carrier lifetime as long as 1 us manifests
in low dimensional halide perovskites at very low temperature due to Rashba effect.[*0151 Such
long lifetime is attributed to high tolerance of the material to defects. Along with the
experimentally found high carrier mobility of 100 cm?/Vs, a value up to 1000 cm?/Vs is also
predicted theoretically.[*® Time resolved luminescence studies demonstrate nano- picoseconds
lifetime as a result of large polaron formation and screened Coulomb potential in
consequence. 53154 |n attempt to the carrier diffusion mechanism in hybrid metal halide nanowires
and nanoplates™®® mobilities of 34 and 80 cm?/Vs were found for the bromide and iodide sample;
whereas their corresponding diffusion lengths came to be 6 and 14 um respectively. Xiao and his
team mapped the photocurrent in single crystalline nanowires of CHsNHsPbls, which showed long

carrier diffusion of 21 pum with mobility of 170 cm?Vs.l'®! Absence of grain boundaries in large

single crystals can extend the carrier diffusion length even up to 175 pm.!*57158 Study with single
crystalline systems also demonstrates cation independent low trapping and recombination rates of

107 and 1071° cm?® per second respectively.*%]
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1.4. Critical areas and challenges

Instability of hybrid halide perovskite and the devices based on them are a common concern among
researchers. Degradation due to moisture, oxygen, temperature and electric field limit the
operational life cycle of the material. Radiation exposure in the form of UV light, in presence of
ambient water and oxygen, also poses great threat to the material stability.[**® Such degradationis
mainly attributed to ion migration,[**t covering defect generation, charge accumulation across
interface, interlayer degradation and electrode corrosion. Point defects in form of halide vacancy
channelizes the ions to migrate through.[*®? With formation energy of 0.1-0.6 eV, the halide
vacancies, as per the experimental findings, are the quickest migrants. Moreover, electrodes and
electron/hole transport layers also impact device life. Electrode metal ions drifting and diffusing
through perovskite leads to redox reactive degradation of the device, which gets more effective
under external electric field. Methylammonium lead iodide rapidly degrades to lead iodide in humid
environment through complex intermediate hydrates.[®® Non-radiative recombination in Perovskite
quantum wells produces large Joule heating due to localized carrier density.l*6416%1 Effect of
annealing temperature during synthesis also creates dimensional distribution in its structure.
Strategies to immune the system from atmospheric hydro species include substituting some of the
halide ions by pseudo halides and incorporating large organic cations into the system, etc.[¢% The
migrating ions can be mitigated via defect reduction with passivation measures and control of
crystallization processes.['%61671 Water resistant encapsulation film reportedly blocks ambient water
and moisture to penetrate into the system and hence enhance device stability.[*%816% Aristidou et al.
attributed O superoxide reacting with the crystal Methylammonium ions (MA") to trigger

degradation process in perovskite.['82 These superoxides are produced from the reaction of ambient

Oz with the photogenerated electrons. The group suggested use of aprotic acid in place of MA

component for obtaining improved immunity against oxygen and thus greater stability.

Solar cells based on hybrid halide perovskites show anomalous hysteresis in current voltage
characteristics.[!"™ Depending on scanning rate and direction of the applied bias, the phenomenon
produces inaccuracies in the measurement of device efficiencies. Although notfully understood
yet, ferroelectricity,!*’*172 jon migration associated defects,*”>"4 and unbalanced collection of
charges'™! are identified as reason behind this hysteretic effect. Tresset al. speculated hysteresis
to be produced from electric field screening by migrated ions at the interfaces.'”®! Observation of
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hysteresis in resistivity experiments and presence of residual polarization indicate room temperature
paraelectric/ferroelectric signatures in Methylammonium lead iodide. Crystallographic symmetry of
4mm point group also supports the existence of such ferroelectric nature at and above room
temperature. However, controversies regarding its occurrence still exists. Reports suggest reduction
in hysteresis through efficient charge transfer by using mesoporous TiO,["617014% syrface defect
passivation,!*’” low temperature,l”® Pbl; assisted reduced recombination, 7218 and also with aged

devices.[173]

Although water solubility of halide perovskites makes them comparatively more bio-available than
other popular solar cell materials e.g. cadmium telluride, however the presence of lead in these
halide perovskites still is a great concern to the environmental scientists. Compositional
modifications can lead to some way outs in this regard.’™% Replacing lead with tin can help get rid

of the toxicity, but with a compromise with the device performance at the same time.[*8!]
1.5. Objective and structure of the thesis

1.5.1. Objective of the thesis

This doctoral thesis undertakes research works with objective to investigate cost-effective synthesis
procedures to prepare Methylammonium lead halide particularly Methylammonium lead iodide and
also to explore mainly its other non-trivial application aspects apart from solar cells. The
objective additionally covers finding new ways towards enhancement of device stability with better
performance. Efforts have also been given to understand the underlying charge relaxation
mechanisms, particularly in the radio frequency regime. Hence the work comes with the following

objectives.
e Tailoring the morphology with facile synthesis techniques
e Detailed material characterizations e.g. structural, morphological, electrical, etc.
e Exploring electron field emission behavior with synthesized nanostructures
e Hybridizing with other materials such as V.Os for improved device stability
e Introducing hydrophobicity with VV2Os incorporation

e Probing bi-relaxation process due to pseudo-inductive switching
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1.5.2. Structure of the thesis

Starting from a formal and preliminary idea of perovskites and their classes, Chapter 1 elaborates
the emergence and significance of Methylammonium lead halides from application point of view.
In addition to the various advantages such as wide band tunability and easy synthesis routes, the
intriguing properties and the current challenges have also been discussed. With a literature review of
past work on the adopted synthesis protocols and some of the important application aspects in
Chapter 2, Chapter 3 demonstrates a number of characterization techniques and tools used in this
study, such as XRD, FESEM, TEM, EDS, XPS, UV-Vis. spectroscopy, FTIR spectroscopy,
impedance spectroscopy, cathodoluminescence, photoluminescence, current-voltage characteristics
and so on. The synthesis and device fabrication procedures followed in this study is described in
Chapter 4.

Major applications based upon this material have been utilizing its photovoltaic character mainly.
To the best of our knowledge, very few studies has so far been reported regarding the field emission
behavior of CH3sNHsPbls nanostructures. Additionally, theoretical and experimental studies on the
electronic band related properties of this novel halide are also contradictory to each other and are of
wide range. Even if the photovoltaic applications are considered to be the sole purpose of this
material, work function related studies are utmost important to achieve better control over excitation
parameters and explanation of experimental outputs. In addition to the mentioned issues, production
cost often emerges as a decisive factor for commercial application of any novel and multifunctional
material. Chapter 5 hence focuses on a thorough investigation of field emission (FE) properties of
low dimensional CHsNH3Pbls synthesized via cost effective chemical route. Prior knowledge of
work function being essential to figure out the enhancement factor, considering the ambiguities in
its reported values in literature, first principle DFT approach was employed to evaluate it. The
outcome of this study was further used in calculation of various field emission parameters. The
dependence of the field emission parameters upon the shape of CHsNHsPbls emitters has also
been studied through ANSYS MAXWEL simulation and the results were correlated with
experimental findings. Finally, emission stability which is an important criterion for practical device
implications was checked for as long as 2 hrs.

Although given promising results, the work presented in Chapter 5 had further scope for emission
enhancement by orientational modification of the nanorods emitters. Literatures suggest that

materials having vertically aligned nanostructures prove to be superior electron field emitters in
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comparison with ones having no directionalities. Moreover, performance of electron field emission
tuned by incident photons has its own importance not only from its application point of view but
also for the fundamental understanding of the emitter material under investigation. Metal halide
perovskite, CHsNH3Pbls is already renowned for its high absorption coefficient. Hence, study was
taken up to investigate the impact of NIR photons on the electron field emission behavior from
vertically aligned CH3NH3Pbls nanorods, as illustrated in Chapter 6. Vertically aligned nanorods
were first grown with the help of AAO (Anodic aluminum oxide) template to investigate their
electron emission performance. The impact of different illumination conditions on the emission
performance was finally probed by shining appropriate photons with varying intensities. The
experimental observations were also corroborated with simulation of the local electric field
distribution near the NRs under plane polarized light of different field strengths.

Inspired by relatively superior carrier transport through one dimensional nanostructure, Chapter 7
presents an attempt to upgrade the qualities of perovskite-based photodetector by incorporatingV20s
nanorods into CHsNH3Pbls. Optimized hybrid sample exhibited 3-fold improved performance than
the pristine perovskite sample. The improved photodetection performance of the modified sample
was scrutinized thoroughly by current-voltage characteristics under dark and illumination
conditions. Additionally, impedance spectroscopy was employed to probe the charge transport. To
check the real time applicability of the devices, their detectivity was monitored under ambient
condition at some intervals with no encapsulation. The stability of the devices was also checked in
direct contact with water droplets by contact angle measurements. Although in ferroelectric and
non-ferroelectric materials appearance of negative capacitance corresponds to completely different
origins, pseudo inductance which generally arises in the highfrequency regimes can also make the
capacitance value negative sometimes. Internal defects, vacancies, delocalized charge-carriers,

etc. can also have their additional contributions.

However, most of the impedance studies on these aspects in literature are focused mainly in the
low and moderate frequency regimes up to the order of a few tens of MHz. It would beinteresting
to explore the underlying carrier dynamics and other aspects of CH3NHsPbls halide perovskite by
pushing this frequency limit further particularly in the radio-frequency (RF) regime. Hence, Chapter
8 deals with bias-dependent impedance analysis of CH3NH3sPbls near the radio-frequency (RF)
region, keeping also in mind the influence of external electric field on carrier movement and

ultimately on the device performance. The switching of capacitance from positive to negative values
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was observed and the spectra across that neighborhood of the transient frequency were modeled
with an equivalent LCR circuit. The frequency-dispersion of capacitance with negative values was
fitted as a function of frequency, thereby revealing two interplaying relaxation mechanisms. The
Breit-Wigner-Fano (BWF) type asymmetric line-shapeswere corroborated with density functional
theory (DFT)-based calculations. In conclusion, Chapter 9 discusses summary of the thesis and
provides a future research prospect.
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CHAPTER 2
Literature Survey

2.1. Synthesis protocols

Scientists and researchers have so far come up with a broad spectrum of synthesis techniques to
prepare metal halide perovskites, so as to achieve better device performances in a cost-effective
way. Literatures document numerous protocols for synthesizing single and polycrystalline thin
films till date.[* 2 Performance of perovskite based photovoltaics highly depends on these film
qualities which in turn depend on their preparation methods,* ! with a comprehensive idea given
on the involved kinetics of film formation affecting device performances by Kamat et al.l?!
Solution processability of halide perovskites opened up a variety of deposition techniques e.g.
printing, coating, etc. with the provision of scalability and wearable flexible technologies as

well.l] Some of these commonly adopted synthesis techniques are presented in the following.
2.1.1. Solution deposition

Perovskite deposition by solution process techniques such as spin coating, spray coating or
printing methods are very easy and advantageous as well. In these methods, the precursors of AX
and BX: taken in proper stoichiometric ratio are mixed in polar solvents e.g. N, N-dimethyl
formamide (DMF), dimethyl sulfoxide (DMSO), etc. at normal ambient conditions and then spin
coated on substrates. Crystallization through rapid evaporation of the solvent finally leads to
desired perovskite phase. Although the earlier thin films were mostly deposited by such spin
coating via a single step (popular as one step) route producing perovskite crystals very fast, -l
they suffered several drawbacks. Quick evaporation of the solvents led to poor coverage with
highly rough surface and numerous crystalline grains of small size, which resulted into inferior
device performance owing to increased leakage current and carrier recombination.® Dissolved in
a common solvent, the two components i.e. AX and BX: generally produce numerous pin holes
because of their mutual reaction tendency. These pin holes leave ample scope for short circuiting

the device and lack of reproducibility. To make up the lack of control over crystallization via this
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one step method, Seok et al. introduced an intermediate phase by using methylbenzene as an
antisolvent.[* Film coverage was further improved when the one step method was extended to
two steps by Burschka et al.['¥l They dissolved CH3sNH3l and Pbl; in two separate solvents and
spin coated Pbly into TiO2 nanopores. High quality CH3NHsPblz was formed by dipping
TiO2/Pbl, film into CHsNHzsl precursor solution of IPA (2-propanol). It is understood that
perovskite films can be deposited very easily in cost-effective ways through solution process

techniques at room temperature.
2.1.2. Vapor deposition

Introduced by Liu et al., this method produces highly uniform smooth surface with reduced pin
holes.*? Deposition takes place from evaporation of CHsNHsl and PbCl, sources (powder form)
equipped with sensors for monitoring and controlling the deposition rates by temperature. The
device was fabricated on fluorine doped tin oxide (FTO) coated glass substrate in nitrogen glove
box. At first, TiO2 layer was spin coated on FTO and then the organic and inorganic precursor
salts were deposited at 4:1 molar ratio at 10° mbar pressure. Immediate perovskite formation
started with the evaporation of the precursor sources, which resulted into complete crystallization
after annealing. Electrode deposition at 10 mbar vacuum through thermal evaporation technique
was performed after deposition of hole transport layer (HTL) by spin coating. Although yielding
very uniform and high-quality perovskite thin film, the requirement of high vacuum system

during the entire film formation process makes this method highly expensive.
2.1.3. Vapor-assisted solution

A middle way is found by combining both spin coating and evaporation techniques together in
2014 by Chen et al.[*®l In a typical vapor assisted solution method, first Pbl film is deposited on
FTO glass substrate with TiO2 layer. The film is then exposed to CHsNHzl vapor and annealed
for 2 hours at 150 °C in nitrogen environment. Thus, the method produces high quality
CH3sNH3sPbls films at ambient without using vacuum system, thereby reducing the synthesis
costs to a great extent.
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2.1.4. Chemical vapor deposition (CVD)

The first report of perovskite film formation by chemical vapor deposition (CVD) in is
documented by Leyden et al.[** They first deposited Pbl film (180 nm thick) on substrates by
evaporating Pbl, powder thermally at a rate of 0.5 A/s at a pressure of ~ 1 mPa. The substrate
was then transferred to CVD furnace which was also loaded with CH3NHzl powder. Under
nitrogen flow and 100 Pa pressure, the substrate with Pbl, film was heated at 160 °C, whereas
the CH3NH3l powder was heated at 210 °C. Once source and substrate were cooled, the substrate
was taken out after venting the furnace. Similar methodology was adopted for depositing
formamidinium based perovskite film as well. The group demonstrated large area solar cell

fabrication based on organic/inorganic metal halide perovskite film in ambient.

2.1.5. Colloidal synthesis

In 2012, a novel strategy was proposed by Vybornyi et al. for nanocrystals synthesis of hybrid
metal halide perovskites without using any polar solvent.*®! In their colloidal synthesis, the
Methylamine and lead halide precursors were allowed to react in the presence of non-polar
solvents which acted as capping ligands. The method offered wide shape tunability with high
luminescence from these highly crystalline colloidal perovskites. CHsNHsPbBrs nanoparticles
(size: 6 nm) were synthesized by Schmidt et al.l*®! The method involves use of long chain
capping ligands for achieving stable dispersion of the nanoparticles in organic solvents for > 3
months. Similar method was also adopted by Teunis et al. for preparing Methylammonium lead
bromide nanocrystals by dissolving long chain ligands into a mixture of two cosolvents i.e.
trichlorobenzene (TCB) and 1-octadecene (ODE).I! In their colloidal synthesis route, they first
dissolved oleic acid, octylammonium bromide and hexadecylamine in the cosolvents mixture at a
temperature of 60 °C and then injected separately prepared Methylammonium bromide and lead
bromide precursors into the TCB+ODE mixture. Quantum platelets of CH3NH3PbBrs; were
formed immediately when the organic cation and lead precursors were added to the cosolvents,
being indicated by the rapid yellowish change of the solution. Highly luminescent quantum dots
(diameter ~ 3.3 nm) of Methylammonium lead halide were synthesized by ligand assisted
reprecipitation (LARP) technique.l*®! Color tuned bright emission at room temperature was
obtained from these colloidal nanocrystals with quantum yield of 70%, which was attributed to

their enhanced exciton binding energy due to size reduction. A wide spectrum of low
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dimensional morphologies of Methylammonium lead iodide and Methylammonium lead bromide
were also prepared by Zhu et al. by similar method.[*°]

2.1.6. Miscellaneous techniques

(A) Hydrothermal synthesis: A simple hydrothermal approach was reported by Xia and his
team in 2015.12% The group synthesized both CH3NH3Pbls and CHsNHsPbBr3 for using them as
the anode material in Li ion batteries. Pb(CH3COOQ),-3H20 and CHsNH: solution (27-32%) were
mixed with 40% HBr solution and put into 100 mL autoclave to be heated in an oven for 1-12 h
at 150 °C. The product was then allowed to cool to room temperature by itself and finally filtered
and washed with isopropanol solution. Sharp crystalline CHsNHsPbBrs with the room
temperature cubic phase was obtained. The method was further extended for preparing
CHsNHsPblz in a similar way by replacing HBr solution with HI during synthesis. Highly
crystalline CHaNH3sPbls microwires with room temperature tetragonal phase were derived

finally.

(B) Geometry confinement: Anodized alumina membrane (thickness: 2 um) with hexagonal
stand-alone nanochannels has been used for growing Methylammonium lead iodide perovskite
nanowires in it.? In addition to flexibility of uniform array structures with individually
addressable each nanowire, this template assisted growth allows chemical and mechanical
robustness to perovskite for protecting them from ambient water and oxygen which lead to
degradation in the material. The nanowires length can be varied by tuning the lead content and
reaction time. Similar templated synthesis of perovskite nanotubes was also reported by Xu et
al.?2 Using p-Alkylammonium emulsion, 100 pm long Methylammonium (MA) and
Formamidinium (FA) lead bromide nanotubes of diameter 300 nm were prepared from [PbBrs]*,
MA* and FA™ cations. In 2017, Lee et al. prepared single crystalline CH3NH3Pbls film by
confining its geometry during growth.[?3l They first filled the perovskite precursor solution into
an ink supplier fitted on on a metal cylinder. An array structured polymer mould was wrapped
over this cylindrical roller. The mould array contained numerous nanochannels (Width: 10 mm,
Depth: 200 nm, Spacing: 400 nm). The roller was then placed on a hot silica substrate (preheated
at 180 °C which resulted into immediate lateral crystallization along the vertical mould channel
direction. Independent of surface epitaxy, this scalable crystallization allowed complete
dimensional control over patterning through distance and speed of rolling. Synthesis of high-

quality large scale microwire arrays of Methylammé)?ium lead iodide via one-step blade coating process



was reported by Deng et al. in 2016.[24

In addition to its cost-effectiveness, the method allowed provision for use of flexible substrates
as well. In a typical process, a blade is used to drag perovskite precursor solution over the hot
(100 °C) surface of a substrate. The solution after evaporation produced centimeter long and 2-3

um wide highly uniform perovskite wires orientedalong the dragging direction of the blade.

(C) Direct patterning, lithography and capillary growth: In 2015, two-step processed
Methylammonium lead bromide perovskite was patterned by focused ion beam (FIB)
technology.?®! The research group fabricated highly uniform nanograting of subwavelength
dimension for studying photonic behavior of the perovskite crystal. The patterning was
optimized by controlling dwell time, ion dosage, beam current, angle of incidence, etc. In 2018,
Gharajeh et al. devised distributed feedback type perovskite laser with low pumping of 0.1
W/cm? at ambient by pattering perovskite nanostructures via thermal nanoimprint lithography
(NIL) technology.?8! For making the cavity, a silica mold was first fabricated by electron beam
lithography, followed by plasma etching of SiO2 which was masked with chromium. After
applying a non-adhesive coating over the mold, perovskite precursor solution was deposited on
silicon substrate by spin coating and finally thermal NIL was performed for obtaining the

feedback structure.

2.2. Electron field emission as a non-trivial application

Exploiting its excellent photo-absorption properties, solar cell related applications have always
been in lime light for hybrid metal halide perovskites. Indeed, the material drew worldwide
attention with its performance as a solar material in the first decade of 21st century. Electron
field emission (also known as cold cathode emission) is one of its unexplored application
possibilities, which is of tremendous importance owing to low power consumption with high
quality display.

The phrase ‘electron field emission’ is inspired by the fact that electrons are emitted or generated
by the application of very high electrostatic field, sometimes even beyond GV/m. Also known as
cold cathode emission, the phenomenon describes emission of electrons from bulk metals to
vacuum through quantum mechanical tunneling. As shown in the schematic (Figure 2.1),
electrons percolate through the triangular potential distribution function (x: inter-electrode
separation). The giant electric field helps electrons overcome the surface potential barrier, which
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is called the work function (®). With certain modifications, the theory which is given by Ralph
H. Fowler and Lothar W. Nordheim can also be applied to crystalline solids. Under the
application of an external

Engrgy

g3/
Fr

Figure 2.1: Schematic of electron field emission mechanism

field (E), the emitted electrons constitute a current, the density of which (J) is approximated by
the following equation. 271

] = S b0t/ (2.1a)

Here B is the field enhancement factor (a measure defining the quality of field emission), A is the
emission area, a and b are called Fowler—Nordheim (F-N) constants with values: 1.54 pA eV/V?
and 6830 eV 2 V/um respectively. When represented in logarithmic expressions, equation

(2.1a) takes the following form (known as FN equation).

(%) = in (L) - ”‘f;/ (2.1b)

Plotting In (J/E?) vs. 1/E to generate a straight line with slope - b¢*%/p and intercept In (aB%/d)
defines the emission to be FN type field emission. Under the application of E, the field gets
manifold near the nanostructure emitters locally by the factor B. Thus, the effective field at these

places enhances to BE. Electrons emitted via this approach consume very low power and don’t
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heat up the material due to any Joule loss (hence the name: cold cathode). Materials such as
tungsten (W), lanthanum hexaboride (LaBe) etc. are already used as electron gun in Field

emission microscopy due to their excellent emission behavior.

Although there are plenty of reports on the electron field emission properties on oxide based
perovskites in literature, very limited resources can however be found with the hybrid metal
halide counterparts. In 2017, Arquer and his team utilized field emission to achieve NIR
photodetection by solution processed CH3sNHsPbl2sBros quantum dots.[] Photogenerated
carrier extraction was realized by field emission and excellent detection with detectivity > 10*2
Jones was accessed efficiently. In the same year, a detail investigation on the electron field
emission properties from room temperature solution processed Methylammonium lead iodide
nanostructures was published by Besra et al.[” With a turn-on field of 4.2 V/um, the study
demonstrated considerable and sustainable electron emission for as long as 2 hrs. Inspired by this
study, Tufan et al. carried out a similar investigation with inorganic halides and reported electron
field emission behaviour from room temperature processed Cesium lead halide nanorods in
2019. Owing to low work function and highest aspect ratio among all the halide variations, the
iodide nanowires showed best emission performance with current density 133 pA/cm? at an
external electric field of 8 V/um. They enhanced its performance further by reduced graphene
oxide (rGO) wrapping over the perovskite nanostructures, which they attributed to the better
electron transport through highly conductive rGO layers.*% Next year in 2020, Du and his group
prepared [100] oriented single crystalline nanobelts of Cesium lead iodide via solvothermal route
and studied the field emission aspect. With a calculated work function of 3.56 eV, remarkable
emission was achieved with a turn-on field value as low as 2.62 V/um and field enhancement
factor ~ 3550.54

2.3. Improvement of photodetection performance

A photodetector is nothing but a device to sense light, whether it be visible or any other part of
the electromagnetic spectrum. In a typical semiconductor, light when falling to the p-n junction,
creates electron-hole pairs. The internal electric field existing across the junction sweeps away
these carriers to the suitable electrode peripherals connected with external battery. A fraction of
the incident light energy is converted into electric energy in this process. Unlike a photodiode, it

is reverse biased to allow only a small reverse saturation current through it during dark
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conditions. A photodetector is generally characterized by its responsivity (R), spectral response
(R»), quantum efficiency (n), detectivity (D), response (rise/decay) times (trise/tdecay), dark

current (lg), noise spectral density, etc.!*?l some of which are defined below.

_ lout _ Ip_h _ Ipn/e _ _R
k= in R = w1 Pin/hv’ D " V(z2eja) (2.2)

(lout: Current generated at the device output, Ipn: Current produced due to a certain light of
wavelength A, Pin: Input power supplied to the device, e: electronic charge, hv: energy of the
incident photon, Jq: dark current density) It is seen that quantum efficiency is nothing but the
number of photogenerated carriers corresponding to each absorbed photon. Since different
wavelengths have different responsivities, detectivity is also a function of the wavelength of the
incident photons. Response speed of detection is typically defined in terms of rise time and decay
time-the time taken to rise the photocurrent from 10% to 90% and to fall from 90% to a to 10%
of the maximum possible photocurrent respectively. The responsivity and response times are
generally influenced by the energy band structure, crystalline characteristics and electrode
configuration of the device. The response times also depend on carrier transport and parasitic
effects. Device noise during photodetection leads to degraded signal to noise ratio (SNR). Mostly
characterized by noise spectral density, it measures the intrinsic noise voltage/current in the

device corresponding to unit differential wavelength shift.

Among the various methodologies, which have so far been adopted to upgrade the photodetector
performances based upon hybrid metal halide perovskites, some recent ones are discussed below.
Integration of metal nanoparticles into graphene/CH3NHz3Pbls structure led to higher responsivity
and faster response due to resonating surface plasmons of gold.[*¥ The metallic surface plasmons
improves light absorption by enhancing the near field very close to the graphene/perovskite
interface. Swati et al. achieved improved photodetection from two step spin coated uniform thin
film with reduced pin holes.** The improved surface and crystal qualities obtained through the
two-step spin coating process delivered a photoresponsivity of ~ 1 A/W and detectivity of > 10!
Jones at a bias of -1 V, which are ~ 55 and 10? times larger than the obtained values with one
step spin coating. Relatively less charge recombination with longer carrier life time were
revealed by impedance spectroscopy. Pressure induced reversible enhancement in CH3NHsPbBr3
based photodetector was investigated by Boopathi and his team.!®! Stronger emission from the
edges of the synthesized single crystal was utilized to device photodetector with detectivity >

10*® Jones, attributed to lesser trap densities in the crystal. A recent study reported excellent
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photodetection with responsivity and efficiency of 3x10* A/W and 10° % from spontaneously
grown N-rGO/perovskite hybrid with optimized interfacial carrier transport properties.!
Improved and stable detection was achieved by using MgO/ZnO bilayer.Bl Efficient light
harvesting due to ZnO arrays and promoted charge transport due to MgO led to stable on/off
ratio of ~ 10% even after 15 days in air. The incorporation of MgO resulted into a dynamic range
of ~ 88 dB, with almost unattenuated photocurrent for 30 min under 314 mW/cm? illumination.
Exploiting efficient photon conversion, thermal stability and relatively easy exciton dissociation,
triple cation and halide mixing in combination with plasmonic functionalization modulated
perovskite photodetector showed detectivity and quantum efficiency of 1.5x10'? Jones and
188.8% respectively, with improvement of approximately 3000% over the convenient
photodetectors.®8l Similar halide mixing along with surface passivation technique is also
reported by other research groups.*® Core shell structure of CdSe/ZnS quantum dots, in their

study, reduced the defect states and thus increased carrier transport in the device.

2.4. Impedance studies and charge relaxation

Hybrid metal halide perovskites come with high value of dielectric polarization and ambipolar
type charge transport properties. In this context, Bisquert et al. proposed a model which was
based on ac dielectric constant of the material.*¥ Starting from classical drift-diffusion and
Poisson’s eqns., transmission line was derived and the corresponding impedance spectra were
analyzed. The fitted arcs at low, mid and high frequencies were attributed to dielectric relaxation,
charge recombination and geometrical capacitance respectively. The static part of the dielectric
constant depending on density led to inductive feature through current generation in the material.
Dualeh and his group extended the prevalent models to understand the impedance behavior of
solar cells based on Methylammonium lead iodide.*™ Effects of additive amount and hole
transporting layer thickness on overall impedance parameters were also incorporated in this
study. lonic as well as electronic charge transports were ascribed to generate low frequency slow
response and mid frequency RC (R: resistance, C: capacitance) electrical feature in the
impedance spectra. Guerrero et al. attempted to generalize the understanding of impedance
behavior of hybrid metal halide perovskites.*l  The impedance responses of
(FA0.85sMA0.15Pb(lo.ssBro.15)3) were classified by tuning the electron transport layers and

perovskite film thickness. Interpretation of impedance spectra revealed various capacitive
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mechanisms along with charge extraction and a mid-frequency inductive signature. Low
frequency interfacial ion accumulation has immense impact on device performance. Hysteresis in
such perovskites can be seen to occur from ion transport across interface and the extraction
layers. The unbiased high frequency capacitance is ascribed to bulk relaxation process which is
otherwise linked with depletion type capacitance under bias voltage. Interfacial accumulation of
photogenerated electrons also leads to capacitance at low frequency under light illumination.
Both ion accumulation near metal contacts under dark and electron accumulation near interface
under light result into hysteretic effect in perovskite.*¥! In a study to investigate the effect of hole
blocking material on device performance, Wang et al. carried out impedance analysis through
cyclic voltammetry near milli to hundreds of Hz." The research group identified prominent
presence of inductive loop as a clear indication of inferior device performance due to inefficient
blocking of carrier recombination. Significance of this inductive loop in impedance spectra was
also pointed out by Ghahremanirad et al. in 2017.11 Surface polarization arising from interfacial
charge accumulation at contact electrodes reflects in voltage lag which finally leads to inductive
response as well as negative capacitance features. Among other impedance parameters such as
Rct (charge transport resistance), Rrec (recombination resistance), carrier lifetime, etc., the value
of carrier mobility showed well agreement with the same obtained from current-voltage
characteristics studies by Upadhyaya et al.l*®l Trap mediated charge recombination in
Methylammonium lead halide solar cell is explored from incident light illumination influencing
the output current-voltage characteristics.”1 The study confirmed presence of distributed trap
states across the surface to bulk of the material. With a large value of light and voltage dependent
static dielectric constant, dielectric loss was evident from considerable drop in the high
frequency chemical capacitance. In a study with Methylammonium lead bromide in direct
contact with gold electrode, double layer capacitance was found by Aranda et al.[*®l Slow
reactivity (time scale > 100 s) between ionic species in perovskite with the contact electrodes
reduces carrier recombination under light illumination and thus improves the device
performance. Zheng and his research team prepared cation and halide varied perovskites and
performed a thorough impedance spectroscopy in 2020.4°% Fitted with equivalent electrical
circuit, capacitance and resistance obtained at high frequency were related to the relative
permittivity and recombination resistance of the bulk perovskite respectively; whereas those at
high frequency were related to current-voltage hysteresis and interfacial recombination

respectively. Phase lag occurring in the recombination processes owes its origin to ionic and
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defect dynamics. Their work suggested a good cation mixing strategy to stabilize the structure
with reduced hysteresis by minimizing carrier recombination and ionic mobility. A recent study
by Srivastava and her group demonstrated how ionic conductivity can be tuned by not only
changing the cation or halide part of perovskite, but also with light illumination and external bias
voltage.®® Based on jump relaxation and vacancy hopping, effect of charge accumulation and
carrier transport was scrutinized. The low and mid frequency conductivity followed Jonscher’s
power law i.e., cac = opc + Aw" (o: conductivity; o: angular frequency of the ac signal; n:
power index defining the conduction mechanism), whereas the high frequency region came up

with a constant value.

2.5. Cation and halide mixing and their effects

Improved device performance with better stability can be often achieved by compositional
changes via cation and halide mixing in hybrid metal halide perovskites. McMeekin et al.
fabricated perovskite solar cell with 14.7% efficiency and 1.2V open circuit voltage. A tandem
solar cell was designed by them based on the optimized composition
[HC(NH2)2]0.83CS0.17Pb(lo.6Bro.4)s with 1.75 eV band gap.[! Yi et al. demonstrated how Cesium
and Methylammonium addition into Formamidinium lead iodide (FAPbI3) could improve light
harvesting and stabilized solar cell performance at ambient.%? Supported by theoretical
calculations, entropy increase was ascribed as the cause of reducing &-phase formation in
FAPDIs. Effect of such formamidinium replacement with methylammonium or cesium was
probed with bias and photo dependent impedance analysis.*®! In addition to the associated
criticalities, various kinds of cation mixing in 2D and 3D perovskites can be found in the review
work of Xu et al.[®! In 2017, Barker et al. addressed the segregation of halide ions in perovskite
materials under light illumination.B® The segregation finds its origin in the non-uniform rate of
photogenerated carriers and hampers in bandgap tuning of halide varied perovskite, which is
otherwise possible over a wide range. Dependent on the number of defects in the material, they
suggested a way to minimize it by its uniform distribution. Halide mixing in perovskite has also
profound influence on switching characteristics of resistive memory devices. Hwang and his
group fabricated solvent engineered Methylammonium lead iodide-bromide based memory
switch and studied its performance in terms of halide variation.® The migrating bromide/iodide

ions serve as vacancy defects in system which form conducting channels under application of
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external bias voltage. The group found that increased bromine percentage reduced the set-in
voltage of the device. The finding was corroborated with first principle calculations which
revealed easier migration of bromine ions in comparison to iodine ones. Compositional tuning
through such halide variation also allowed to customize the operating bias voltage. Realizing the
impact of halide optimized compositions on the material properties and device performance
finally, exclusive investigation in this direction was attempted by Li et al. in 2017.571 The group
deployed a different approach, referring as ‘mixture design’, to map the interconnection between
perovskite composition and the resulting material properties therefrom by compositional tuning
and thus achieved an efficiency of ~ 21% from the optimized cell. Simultaneous cation and
halide mixing in single crystalline triple cation perovskite demonstrated improved stability under
ambient conditions such as temperature, moisture, light and oxygen molecules.581 Witnessing
clear phase segregation beyond a certain compositional tuning, the optimized alloy i.e.
(FAPbI3)09(MAPDbBr3)0.05(CsPbBr3)oos gave increased lifetime (16 ps) and stability over
thousands of hours under ambient. In 2020, Greenland et al. correlated phase behavior of
(FAPbI3)0.e5(MAPbBTr3)0.15 with its physical properties under photon excitation. Pseudo-cubic a
(room temperature) and pseudo-tetragonal  phase (> 260 K) were witnessed for this material.
The study established that such structural modifications occurring had immense impact on the
recombination processes of charge carriers.[®! Under light illumination, photogenerated electrons
from perovskite get injected into the electron transport layers and captured by oxygen molecules,
which leads to accumulation of holes in the perovskite film.[5% Such hole accumulation near
halide sites, unless extracted to hole transport layers, moves them from their lattice positions to
grain boundaries and thus results into structural instability. Very recently, Escrig et al. prepared
FA1nCsnPb(l1xBryx)s perovskite with large tunability over the energy bandgap and
morphology.[1 Stable photovoltaic output with 16.8% efficiency was achieved from the

optimized sample.

2.6. Struggle against degradation

Material and device degradation of perovskites under light, moisture, heat, electric field, etc. is a
serious concern to material scientists. This degradation often reflects its signature in
optoelectronic properties, which was correlated with the superficial structural changes by

Matsumoto et al. in 2015.[521 As per their studies, a single active layer of CH3NHsPbls undergoes
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slower decomposition compared to a layer interfacing with a metal electrode under light and
ambient moisture. Spectroscopic analysis suggested rapid surge in surface roughness with
reduced photo-absorption near its energy band edge, possibly due to the formation of Pbl. in the
system. The role of electrode interface was systematically investigated by Guerrero et al. with
different metal electrodes.®®] Under a constant illumination condition, considerable drop in
efficiency from 12% to 1.8% was observed due to electrode corrosion. Interfacial dipole
formation near the electrodes as well as ionic movement through perovskite modulate the
interfacial energy landscape and thus hinder charge extraction across it. The group finally
suggested a remedy for the issue as using chromium alloy instead, which gave more stability to
the device although with less efficiency. Brivio et al. carried out a first principle study to address
the photo-induced instability in Methylammonium lead iodide/bromide from a Thermodynamic
point of view.[®4l Based on phase diagram construction giving a large gap in miscibility (Tc: 343
K), the alloy was observed to be subject to spinodal decomposition and a metastable binodal
state in presence of excess amount of iodine and bromine. Another theoretical investigation
revealed high water solubility of Methylammonium iodide as the main cause of moisture-
induced degradation of CH3sNHsPbls.1%! However, irrespective of the presence of oxygen or
humidity, intrinsic thermodynamic instability was ascribed to be mainly responsible by Zhang et
al.[% Based on density functional calculations, they showed that the phase segregated
methylammonium and lead iodide combination is energetically more stable than
methylammonium lead iodide itself. As per their calculations, the scenario improves when MA,
Pb and I are substituted by Cs, Sn and CI respectively, i.e. with CsSnCls. Study by Park et al.
also pointed out similar material degradation owing to the presence of organic component and
the low formation enthalpy of CH3NH3sPblsz and finally came up with a suggestion of using FA in
place of MA for getting better stability.®”! Electric field induced reversible/irreversible
degradation without/with ambient moisture is seen in hybrid metal halide perovskites.[%! Leijtens
and his team in 2015 mapped this distribution of field mediated degradation changes in such
perovskite films. The associated time spans for the reversible and irreversible changes were
found to be of the order of ~ minutes and hours respectively. The study identified the irreversible
structural changes in the material to be mainly arising because of the ambient moisture or tiny
polar molecules with H-bonding properties via an intermediate hydrate phase, which often
manifests through MA™ drift along the electric field and Pbl, formation at the end. In 2018, Yu et

al. came up with a new strategy to improve upon the instability issue and proposed application of
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atomic layer deposited oxide films such as Al.Oz and ZnO on the electron transport layer
(PCBM).11 From their nucleation studies, it is understood that this oxide films served as a
protective coating for the underlying perovskite layers and made significant contribution towards
achieving better stability even when put in contact with liquid water. In 2019, Li et al. exploited
highly electronegative fluoride for passivating diffusing halide and organic ions.l”® The group
fabricated high efficiency solar cell based on triple cation mixed halide
(Cs0.05FA0.548M A0 .41)Pb(lo.98Bro.o2)3 with sodium fluoride treatment suppressing the halide/cation
vacancy formations and thereby maintaining the device efficiency up to 90% over as long as
thousand hours. A review work published in 2020 presented the governing factors of perovskite
instabilities and also pointed out the remedies accordingly.’! As per the review, ambient
moisture produces intermediate hydrated phase which obstructs extraction of the photogenerated
charge carriers. This can be avoided by encapsulating the material with some water-resistant
transparent polymer coating. Degradation due to light illumination can be reduced by rationally
optimizing the material and the device architecture. Thermal instability is generally associated
with the rapid formation of Pbl> owing to its low formation enthalpy. In 2020, Park et al.
reported stable photovoltaic performance (95% retention) based on silvered Sn/Pb alloy
perovskite.[”?l Based on their theoretical calculations using DFT, the doped silver largens the
perovskite grain sizes and builds an energy barrier for the adsorbing oxygen moieties. The silver
assisted strain relaxation protects perovskite film to react with oxygen molecules. Molecular
dynamics (MD) study identified the rapidly rotating MA groups to destroy the structural
framework of MAPDIs/MAPDBr3 crystals and to produce temperature induced degradation in

such perovskites.[®!
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CHAPTER 3

Characterizations and Measurement Tools Used

3.1. Crystallographic study: X-ray diffraction (XRD)

To ascertain if the synthesized material is really of our interest or something else is the first and
foremost task for proceeding further. Phase matching with the already existing database or other
reported values in literature is generally carried out using X-ray diffraction (XRD) technique. The
diffraction pattern of any material is like a foot print of the material, revealing almost everything of its
crystal structures. As discovered by Laue in 1912, the crystalline lattice planes effectively serve as
diffraction grating in atomic-scale for incoming X-rays. Diffraction peaks are obtained when the
incident certain orientations in satisfaction of Bragg’s condition: 2d sin 8 = nA (d: inter-planar spacing;
0: angle of incidence of X-ray on the sample surface; n: order of diffraction; A: incident X-ray

wavelength) For orthogonal crystals, the above eqn. can be further used to estimate the lattice
1

hz k2 12
‘/(_2 »Z _2)
a b c

parameters by: d = (h, k, I: Miller indices corresponding to (hkl) planes; a, b, c:

dimensions of the unit cell)

Figure 3.1: X-ray diffractometer

81



In our experiments, XRD patterns of the samples were recorded by an X-ray diffractometer (Bruker
D8 Advanced diffractometer) using Cu-K, radiation having wavelength (1) equal to 1.5418 A, a
weighted average of Kq; and Kq2. A typical diffractometer (Figure 3.1) includes X-ray tube, sample
holder and detector. Inside the tube, thermally generated electrons are accelerated by electric field
and bombarded upon a target material (such as, copper), knocking out its inner electrons. The
vacant shells are then filled by outer shell electrons and characteristic X-ray is thus emitted. The
undesired X-ray wavelengths are filtered out by monochromatic crystals. The X-ray beam is then
collimated towards the sample placed on a rotatable sample holder. The sample is generally turned
into homogenously ground fine powder, exposing all of its possible crystal planes to X-ray. Signals
diffracted at different angles (0) are collected by a detector. It is acommon practice to plot the
diffraction signals as a function of 26, which is the angle of deviation of the incident X-rays. The
signal pattern also helps get a rough estimate of the average crystallite size corresponding to a
certain planar orientation by Scherrer’s formula: D = kA/Bcos6 (D: Average crystallite size; k:
shape factor; A: incident X-ray wavelength; B: angular full width at half maxima.) For Gaussian
shapes, k value is taken as 0.9 and A is equal to 1.5418 A. Therefore, a sharp peak with smaller
FWHM value corresponds to large growth of crystalline planes and thus leads to single crystalline
character; whereas a diffuse peak with larger FWHM indicates formation of large number of small

grains which means polycrystalline feature.

3.2. Spectroscopic techniques
3.2.1. UV-Vis-NIR spectroscopy

Shown in Figure 3.2, the device utilizes the absorption or reflectance properties of materials in
response to incident light in the ultraviolet, visible and near infra-red region. Absorption spectrum is
generated due to electronic transitions of atoms/molecules from their low energy ground state to
excited state having higher energy. Exclusive use of this technique can be seen in quantitative
analysis of analytes e.g. organic compound conjugates, transitional metal ions, etc. Moreover, the
technique can also be used for measuring thickness and optical properties of films. In addition to
solutions, the technique also be applied with liquids and solids as well. As per Beer-Lambert’s law,
the degree of absorption is proportional to the concentration of solute present in the solvent. When
expressed mathematically, it takes the form: A = logio (Io/1) = Ecl (A: absorption; lo: incident light
intensity; I: transmitted light intensity; €: extinction coefficient; c: sample
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Figure 3.2: UV-Vis-NIR spectrophotometer

concentration and I: path length) The ratio /1o is defined as transmittance. The experimental data for
unknown sample are always calibrated w.r.t. the response from a standard known material such as
BaSO4. The major components of a typical UV-Vis-NIR spectrophotometer include light source
(e.g. Tungsten, Deuterium, Xenon, etc.), transparent sample holder (cuvette), prism or diffraction

grating and detector (e.g. photodiodes, charge coupled device, etc.).

3.2.2. Fourier transformed infra-red (FTIR) spectroscopy
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Figure 3.3: FTIR spectrometer

Most of the molecules changes their vibrational energy levels in the infra-red (IR) part of

electromagnetic spectrum, 400- 4000 cm™ being the central part of it. Therefore, when an IR light is
83



incident on them, a fraction of the light is absorbed in considerable amount. The strength and
frequency of the absorbed light radiation varies from sample to sample and hence gives information
about its molecular structure. An interferometer is used for signal acquisition from the sample.

Figure 3.3 shows the setup of a FTIR spectrometer (Shimadzu-8400S, Prestige).
3.2.3. X-ray photoelectron spectroscopy (XPS)

Figure 3.4: X-ray photoelectron spectrometer

X-ray photoelectron spectroscopy (XPS, SPECS, Germany) was employed to know the
compositional information, oxidation states and sample purity. A picture of the set up can be seen in
Figure 3.4. The sample when irradiated by X-ray emits photoelectrons with kinetic energy: Ex = hv
— E» (hv: incident X-ray energy; Ep: electron’s binding energy to the sample surface) Generally the
photoelectrons are excited by monochromatic K, X-ray of magnesium/aluminum. Under residual
pressure of < 10° mbar, the instrument is operated at voltage 10 kV and current 17 mA. A
hemispherical energy analyzer (HAS 3500) is attached withthe system for data analysis. Binding
energy is a characteristic of any material. Therefore, with a known X-ray radiation, E, can be
estimated if the kinetic energy of the emitted electrons is measured. Thus, the presence of any

particular element can be assured. Moreover, the relative weightage of different elements can be
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estimated from area under the binding energy curves, giving a stoichiometric idea of the material.
Shift in the recorded binding energy reveals chemical bonding information and charge states.

3.2.4. Energy dispersive X-ray (EDX) spectroscopy

Highly energetic electron beam, when incident on a material, knocks out characteristic X-rays from
its bulk. The emitted X-ray carries signature of the material. Thus, an idea of the elemental
composition can be obtained using this technique. From the relative intensities of the detected X-ray
signals, it can also give an approximate stoichiometric information of the material. In our studies, 15
KV electrons were used (EDX, Hitachi-S4800) to get elemental maps and compositional features of
the sample. Generally attached with FESEM set up (Figure 3.7), the unit fails to properly detect

light elements with atomic number less than that of carbon.
3.2.5. Impedance analysis

This electrochemical method was employed to study the behavior of materials in the presence of an
external perturbation during steady state. Generally, expressed in terms of an equivalent LCR (L:
Inductance; C: Capacitance; R: Resistance) circuit, the real and imaginary part of the current in
response to an oscillatory voltage is investigated over a wide frequency range. The analysis allows
to probe the carrier kinetics across electrode/electrolyte interface. In our studies, following two

impedance analyzers were used.

(A) The interface effects in terms of Mott Schottky study were performed using PGSTAT302N
AUTOLAB (Figure 3.5). Having a compliance voltage of 30 VV and maximum permissible current
of 2 A, the device (520x160x420 mm?®) operates in 8 modules with a frequency bandwidth of 1 MHz
within the potential range = 10 V at step size of 0.3 uV. The device comes with a high input
impedanceof 1 TQ.
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Figure 3.5: AUTOLAB impedance analyser
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(B) Frequency dependent dielectric response was obtained by Agilent 4294A precision impedance
analyzer (Figure 3.6). Frequency can be swept over a wide range of 40 Hz — 110 MHz, with allowed
DC voltage and current in the range + 40 V and + 100 mA respectively. The rms voltage and current of

theperturbation signal ranges within 0.005-1 V and 0.2-20 mA.
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Figure 3.6: AGILENT impedance analyser

3.3. Microscopic techniques

3.3.1. Field emission scanning electron microscopy (FESEM)

The morphological features of samples were probed by using Field emission scanning electron
microscope (FESEM, HITACHI S4800), as shown in Figure 3.7. With the minimum feature resolution
of 5 nm, maximum magnification of 300,000X was achieved. Having a focal length of 50 mm and a
single-lens 35 mm reflex camera (MP35051, CSI3), the microscope comes with two imaging options
i.e. secondary and  backscattered.  Basically, the instrument carriers an electron gun generating
highly energetic electrons (< 30 keV) by field emission mechanism. LaBe or W are used as the electron
gun material due to their high electron emission characteristics with low turn-on fields. The field
emitted electrons are then accelerated and collimated by electromagnetic arrangements. These
electrons, after falling upon sample surface, produces a number of effects such as secondary electrons,
backscattered electrons, electromagnetic radiation in form of light emission, characteristics X-rays and
so on. In this whole process, a fraction of the incident field emitted electrons also passes through the

sample without any interaction. To avoid charge accumulation problems, it is a common
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practice to mount the sample on a both side sticky conducting carbon tape and coat the sample surface
with metals such as gold particles to passivate the accumulated charges, if any.

Figure 3.7: Field emission scanning electronmicroscope

3.3.2. Transmission electron microscopy (TEM)

Figure 3.8: Transmission electronmicroscope
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This microscopic technique affords simultaneous operation in diffraction and imaging modes to
reveal the crystalline structure and morphology of the sample respectively. When operated in the
imaging mode, the higher magnification configuration referred to high resolution transmission
electron microscopy (HRTEM) probes atomic scale features. A highly energetic electron beam (up
to 250 keV) is allowed to transmit through the sample which is made very thin and then placed in a
copper mesh. The highly energetic electrons while passing through the sample interact with the
lattice structures and produce electron diffraction patterns. Electrons with and without diffractions
are used for dark and bright field imaging respectively. The system also carries a number of lenses
to form image on phosphor screen. The microscope used to investigate the crystallinity and
microstructures of our prepared samples was JEOL-JEM-2100 (Figure 3.8). With 0.1 nm resolution,

the microscope had magnification power up to 1,500,000X.

3.4. Electrical measurements
3.4.1. Field emission set up

This lab-made set up (Figure 3.9) is based on parallel plate configuration including two electrodes
consisting of a stainless-steel (SS) platform which acts as the cathode and a stainless-steel conical
tip (1.5 mm diameter) which acts as the anode. Mounting the samples on the SS platform was
carefully carried out by placing a double-sided conducting carbon tapes (5 mm, Nisshin EM. Co.
Ltd.) on this SS platform at first. Then the as prepared powder samples were pasted onto these
double-sided conducting carbon tapes by pressing them adequately to form films. The pasting was
performed by

Micr omete1
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Figure 3.9: Lab made field emission (FE) set up
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using a glass slide to ensure maximum smoothness and uniformity of the emitting surface as well as
contact of the emitter nanostructures with the tape. Using a screw gauge shifter (10 pum pitch)
attached to the conical tip, the sample to anode i.e. the inter-electrode distance was adjusted. Thus,
the samples were placed at different inter-electrode distances by a micrometer screw attached to the
system. Furthermore, this entire diode system was placed in a transparent chamber which was
evacuated upto~10-° mbar base pressure using a combination of rotary and oil diffusion pump via
roughing and backing operations. The transparency of the chamberenabled us to ensure that no
discharge from the surface of the sample took place while applying high electric field. The emission
output was measured by using a multimeter (Agilent, 3440-1A).

3.4.2. High voltage DC power supply

Measurement of electron field emission required application of high electric field across the
electrodes. A high voltage DC power supply (Model No: NTPL/91/03-04. Manufacturer: Neo Tele-
Tronix Pvt. Ltd.) was used to serve this purpose (Figure 3.10). With voltage regulation facility, the
power source was able to supply 3 kV-500 mA with 230 V @ 50 Hz as the input (1 phase AC).

Placed inside a steel enclosure, output of this movable power supply can be increased up to 3 kV with

10 V step size.

Figure 3.10: High voltage DC power supply

3.4.3. Electrometer/Current-voltage (I-V) measurements

The current-voltage (1-V) characteristics were studied by using Keithley electrometers (No: 671 and
6517A) (Figure 3.11a) with voltage and current in the range: + 1000 V and from = 1 pA to + 20 mA
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respectively. In addition to these, digital multimeters (FLUKE 101 & RISH Multi 18S), depicted in
Figures 3.11b & 3.11c, were also in use at several times.

Figure 3.11: (a) Electrometer and (b & c) digital multimeters

3.5. Optical tensiometer or contact angle meter

Surface properties such as surface tension, surface energy, wettability of a solid material is generally
measured from the contact angle which is formed at its surface in contact with a liquid droplet. This
nondestructive technique allows direct and accurate measurement of surface and interfacial tensions of
solids and liquids with repeatability. Depending on various factors like local gravity, surface energy or
surface tension of the solid, interfacial density contrast, etc., the droplet takes a particular shape which
evolves with time. Figure 3.12 shows a contact angle meter or optical tensiometer or goniometer (OCA
15EC) used for our experiments to measure wettability of perovskite in contact with water. The
instrument records the shape evolution of the droplet over time continuously and analyses it by fitting
profile method to measure the contact angles as well surface energy.

PIT111 &
o L

Figure 3.12: Optical tensiometer or goniometer
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CHAPTER 4

Synthesis Protocols and Device Preparation

During the execution of this work, lead halide perovskites with various morphologies and also a

number of devices based on them were prepared. All these materials and devices have been used for
various studies and applications which are described in Chapters 5-8. The chemicals used to
synthesize the materials and devices were of analytical grade and no further purification process

was adopted.

4.1. Preparation of CH3NHsPblz nanocrystals

Path 1 in Figure 4.1 shows schematic of the synthesis procedure adopted to prepare CH3sNH3Pbls
nanocrystals. 0.5 g lead (Il) acetate trihydrate (Pb(CH3COO)..3H20) was added into 3 mL
hydroiodic acid (HI) (55%) solution, followed by ultrasonication for 5 min. 1 mL methylamine
solution (CH3NH2, 33%) was drop wise added into the aforesaid solution under constant
ultrasonication for 10 min. The black precipitate was then collected and washed with IPA (2-
propanol, 99.5%) and finally dried at 100 °C for 30 min.

\

1 mL CH,NH,
Ult icati
Added 0.5 solution (33%) ;:::g ::i:"
Pb(CH,C00),.3H,0

' ’ 1 ! Path 1> CH;NH,Pbl; nanocrystals
——t——Ultrasonication_- = = Extra sol

— — | = —, Washed with

for 5 min discarded IPA (thrice) |
C - - - e Finally dried at - e
3 mL HI (55%) \2 100°C for 30 min

Kept for 3 hr Path 2> CHgNH3Pb|3 nanorods

Figure 4.1: Synthesis schematic of CH3NH3Pbls nanocrystals and nanorods
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4.2. Preparation of CH3NH3Pbl; nanorods

Path 2 in Figure 4.1 shows schematic of the synthesis procedure adopted to prepare CH3sNH3Pbls
nanorods. 0.5 g lead (1) acetate trihydrate (Pb(CH3COO)..3H20) was added into 3 mL hydroiodic
acid (HI) (55%) solution, followed by ultrasonication for 5 min. 1 mL methylamine solution
(CHsNH3, 33%) was drop wise added into the aforesaid solution under constant ultrasonication for
10 min. The solution was allowed to be kept for 3 h and then the extra solvent was discarded,
thereby leaving behind numerous reddish yellow needle-like crystals which were formed at the
bottom of the beaker and was visible through naked eye. After that, this product was collected by
filtering and washing with isopropanol (2- propanol, 99.5%) thrice and finally dried the as filtered
product at 100°C for 30 minutes.

4.3. Preparation of vertically aligned CH3NH3Pbls nanorods
50 mg of as prepared CH3NH3Pbls powder (see section 5.1.) was mixed into 1 mL DMF (Dimethyl

formamide) solution and stirred in ultrasonication for 10 minutes. An as purchased AAO (Anodic
aluminum oxide, Whatman) template, having pore size of 200 nm diameter, was fixed upon a

. e @ CH,NH,PVL; film
AAQO

e

template

‘was drop casted
on AAO template

Pores are empty Pores are filled with
CH;NH,PbI;nancrods

(b)

—>

Formation of CH;NH;PDI;
nanoreds within the pores
of AAO template

Figure 4.2: Schematic of growth of CH3NH3Pbl; nanorods in AAOtemplate
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precleaned silicon substrate by silver paste. A tiny droplet of the precursor solution was carefully
dropped right at the center of the template and then dried on a hot plate for half an hour at 100 °C.

The entire preparation process is depicted in a schematic (Figure 4.2) for a clear understanding.
4.4. Preparation of V.Os nanorods

0.36 g V205 powder was dissolved in 30 mL de-ionized (DI) water. Then 5 mL of 30% hydrogen
peroxide (H202) was drop wise added into the solution under continuous stirring for 30 min. Then
this solution was transferred into a 40 mL Teflon autoclave and heated at 190 °C for 24 h inoven.
After cooling, the obtained precipitate was washed with DI and dried at 70 °C. Finally, the sample

was annealed at 450 °C for 1 h to ascertain the desired oxidation state of \V2Os.

4.5. Preparation of FTO/CHsNHsPbl:/FTO

Prior to the deposition, the FTO coated glass substrates were cleaned with soap solution and then
ultrasonicated in acetone, ethanol and DI water respectively for 15 minutes each. As prepared 50 mg
CHsNH3Pblz powder was added into 0.5 mL DMF (Dimethyl Formamide) and stirred for 30 min.
This precursor solution was then spin coated on the FTO substrate and placed in an oven at 85 °C
for 10 min. Finally, another FTO was used as the top electrode. A schematic diagram showing the

stepwise device fabrication process is included in Figure 4.3.

4.6. Preparation of FTO/V20s/FTO

Prior to the deposition, the FTO coated glass substrates were cleaned with soap solution and then
ultrasonicated in acetone, ethanol and DI water respectively for 15 minutes each. Subsequently,
0.5 mg of as synthesized V20s NRs powder were immersed into 0.5 mL DMF and stirred
ultrasonically for 30 min. The mixture was then spin coated on FTO substrates and dried in an oven
at 85 °C for 10 min. Finally, another FTO was used as the top electrode. A schematic diagram

showing the stepwise device fabrication process is included in Figure 4.3.
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Figure 4.3: Schematic of FTO/CH3NH3Pbl;:V,0s/FTO device

4.7. Preparation of FTO/CH3NH3Pbl3:V20s/FTO

Prior to the deposition, the FTO coated glass substrates were cleaned with soap solution and then
ultrasonicated in acetone, ethanol and DI water respectively for 15 minutes each. As prepared 50 mg
CHsNH3Pbls powder was added into 0.5 mL DMF (Dimethyl Formamide) and stirred for 30 min.
Subsequently, the synthesized V20s NRs were immersed into 0.5 mL DMF with concentrations of
0.5, 0.75 and 1.50 mg and stirred ultrasonically for 30 min. The solutions were then drop wise
added into CH3NHsPbls precursor solution individually and stirred well in ultrasonication for 25
min. To get uniform thin films, these mixtures were then spin coated on FTO substrates and then
dried in an oven at 85 °C for 10 min. Finally, another FTO was used as the top electrode. Here, the
samples FTO/CH3NH3Pbls:V,0s/FTO with V20s NRs concentrations 0.5, 0.75 and 1.50 mg are
referred by S1 (for 1 wt. %), S2 (for 1.5 wt. %) and S3 (for 3 wt. %). The entire process flow is

shown in the schematic of Figure 4.3.
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CHAPTER D

Exploring Electron Field Emission of Morphology
Tuned CH3NH3Pbls Nanostructures

5.1. Background of the work
With remarkable development of industry based urban civilization during the last few decades, a

huge requirement of uninterrupted energy supply has also increased. Traditional usage of fossil fuels
for power harnessing cannot be a permanent solution to solve this demand. In this regard, several
new technologies and advanced materials were developed to harness consumable power from solar
energy. Copper based ternary oxides,*! low dimensional chalcogenides,’? and metal halides were
identified as new age solar cell candidates. However, their applications are still under investigation
compared to established effectiveness of silicon in this sector. Silicon based solar cells are still
much popular due to their suitable power conversion ability,*! nontoxicity andavailability. Besides,
the most important feature of this material is its multipurpose applications. Newer materials for
solar cell and any other advanced technology therefore are required to possess easily tunable optical
and electrical properties for multipurpose applications in order to be commercialized.
Organometallic halides have been identified as a promising group in this regard.”! Among this
group, Methylammonium lead triiodide (CH3NHsPbls) has already shown remarkable power
conversion efficiency crossing the certified value of ~ 20 %.5571 The craze for this material is solely
attributed to its physical properties. CHsNH3Pbls has a perovskite structure where the CHsNH3*
cations lie within the framework of Pbl,” octahedra. In each of these octahedrons, one Ph," cation
resides at the center and coordinates with 6 apical 1" ions.[®] At room temperature it possesses
tetragonal crystal structure.[®] This material is under extensive research focus due to its interesting
optoelectronic properties like high absorption coefficient,[*% easily tunable band gap,™*!! long carrier
diffusion lengths,1*? and high carrier mobility.l*®1 Moreover low temperature synthesisi**! routes
have been found out for this material which enables low production cost and better opportunity of
fabrication of CH3NH3sPbls based composites without hampering the intrinsic properties of the
counterparts. Owing to those features, CH3sNH3sPbls is now being used in several extensions of

photo induced applications like LEDs,*%! photo detectors,[*®! field effect transistors,[*’l etc. in
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addition to photovoltaic industry.[*8!

However, most of the applications based upon this material have been utilizing its photovoltaic
character. Some other aspects, apart from the photovoltaic one, have not been investigated properly
yet. From our previous experience, metal halides, copper based binary and ternary oxides etc. often
show enhanced luminescence and field emission (FE) properties with wide range tuning by
variation of synthesis and structural parameters.*® This type of electron emission has tremendous
applications in the area of field emission displays (FEDs), pressure sensors, field emission
microscopy (e.g. FESEM), etc. It is observed that low dimensionalsemiconductor nanostructures are
in general promising electron emitters. Some well-known fieldemitting materials e.g. CNT,?% RGO
nanocomposites,?!] ZnO,1?2 graphene,?® LaBs,[?*l M0S;,?°] M00,,?! etc. are well studied and has
already been commercialized. However, almost each of them has limitations related to synthesis
routes, stability, toxicity etc. To the best of our knowledge, no attempt has so far been reported
regarding the field emission behavior of CHsNH3Pbls nanostructures. Additionally, theoretical and
experimental studies on the electronic band related properties of this novel halide are also
contradictory to each other and are of wide range.l’-?®! Even if the photovoltaic applications are
considered to be the sole purpose of this material, work function related studies are utmost
important to achieve better control over excitation parameters and explanation of experimental
outputs. In addition to the mentioned issues, production cost often emerges as a decisive factor
for commercial application of any novel and multifunctional material. This work focuses the
tuning of FE properties of CHsNHsPbls in low dimension by cost effective chemical route and
variation of shape/ dimension of this novel material has been achieved by simple variation of
synthesis parameters which resulted into some encouraging outcomes.

A prior knowledge of the work function value is essential to figure out the enhancement factor and
understand the field emission properties of any material. As a way out to overcome the ambiguity
related to work function of this material, we employed a theoretical approach using DFT based first
principles analysis. The outcome of this study was further used in calculation of various field
emission parameters. The dependence of the field emission parameters upon the shape of
CH3NH3Pblz emitters has also been studied through ANSYS MAXWEL simulation. The results
obtained by this simulation based study were further correlated with experimental output. In
order to check the applicability of CHsNHsPbls in practical devices, the emission current stability

current stability is considered as an important factor and the same was also studied for as long as 2
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h. The field emission performance executed by this novel halide CH3NH3Pbls as presented in this
work clearly indicates this as a future promising candidate for emission based display devices

which further may be included into a photo excitable cold emission device.

5.2. Sample preparation and material characterizations

CH3NH3Pblz nanocrystals and nanorods were prepared by the synthesis procedures as described in
section 4.1 and 4.2 respectively.

The as synthesized samples were subjected to several characterizations. The proper phase formation
was investigated by X-ray diffractometer (Bruker D8 Advanced). The morphological analysis was
carried out by field emission scanning electron microscopic studies (FESEM, Hitachi S-4800)
whereas exact dimension of the nanostructures and the lattice images were obtained by high
resolution transmission electron microscopy (HRTEM, JEOL JEM 2010). Fourier transformed
infrared spectroscopy (FTIR, Simadzu) revealed the bonding information of the samples. Finally, all
the samples were investigated by our laboratory made high vacuum fieldemission set up to study the
field emission properties and cold emission current density and otherrelevant FE parameters were
obtained for all the samples. ANSYS Maxwell was further used to carry out finite element
electrostatic simulations study the effects of dimensional variation of the sample. The outcomes of

this simulation based study were correlated with experimental results.

5.3. Results and discussion
5.3.1. Structural analysis: XRD

The phase of the as prepared samples was confirmed from X-ray Diffraction with Cu Ko, radiation
(A = 1.5406 A), operating at 40 kV, 40 mA in normal 6-26 scanning mode at 0.2 sec/step. Figure
5.1 depicts the XRD profiles of the samples. The figure shows the presence of diffraction peaks
corresponding to the planes (110), (112), (211), (202), (004), (220), (213), (114), (310), (312),
(224), (411), (314) and (404) indexed at 20 (degree) = 14.1° 19.9° 23.6° 24.5° 28.1° 28.4°
30.9°, 31.6°, 31.8°, 34.9° 40.4° 42.6° 43.1° and 50.2° respectively which confirm the formation of
highly crystalline Tetragonal CHaNH3Pblz  (14/mcm).[0-321 However, some minor peaks arising at
12.68, 26.51 and 52.52 denote the presence of (001), (002) and (004) planes of hexagonal lead
iodide (PDF #00-007- 0235) respectively.l*¥l This subtle presence of Pbl. is generally accounted for
the inevitable small-scale degradation of CH3NH3Pbls.B4 However we propose (in next section) an
alternative approach to explain the presence of those additional peaks correlating the same with
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Figure 5.1: XRD patterns of CH3NHsPbl3 nanostructures

growth routes. The crystallite sizes of CHsNH3sPbls nanorods and nanocrystals were calculated by
using well known Scherrer’s Formula: L = kA/fS cos6

Here L = average crystal size, k = shape factor with typical value 0.94 which actually varies with
crystal shape, A = wavelength of X-ray which is 1.5406 A, B = full width half maximum (FWHM)
of peak which is taken in radians and 0 = the diffraction angle of the peak measured in degrees.

Lattice parameters of samples were determined from Bragg’s relation: 2d sinf = nA where d =

m = the inter-planar spacing of the set of planes (hkl), 6 = Bragg angle, n = order of
reflection corresponding to (hkl), A = wavelength of X-ray and a, b, ¢ are the lattice parameters.
From our XRD data, we obtained a = b = 8.8757 A and ¢ = 12.6478 A which agrees well with other
reported values.®® The obtained values of inter-planar spacing d and grain size L are tabulated in
Table 5.1.

It can be seen from the table that the crystallites sizes are smaller for nanocrystals than the nanorods
for almost each diffraction planes. An apparent discrepancy related to dimension and crystallites
size appeared in view of morphological features of the samples (discussed later) but the same was

explained to be occurring due to individual growth process of the crystals and nanorods.
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Table 5.1: Derived inter-planar spacing and crystal size for various (hkl) crystal planes of
CH3NH3Pblz nanorods and nanocrystals samples

(hkl) d value for d value for L for nanorods L for nanocrystals
indices nanorods (A) nanocrystals (A) (nm) (nm)
(110) 6.26 6.26 38.46 31.95
(112) 4.45 4.43 46.57 17.90
(202) 3.63 3.60 73.05 29.96
(004) 3.16 3.15 64.33 51.02
(220) 3.13 3.12 67.56 43.84
(310) 2.80 2.80 54.93 18.98
(224) 2.23 2.22 30.96 21.93
(314) 2.10 2.10 34.19 15.59
(404) 1.82 1.81 96.27 15.39

5.3.2. Compositional study: EDX

Energy dispersive X-ray (EDX) analysis was performed for the two samples to check the
stoichiometric balance of the constituent elements and the results are summarized in Table 5.2. The
results showed that each sample contains main constituent elements Pb and | in almost accurate
stochiometric ratio whereas CHsNH3Pbls nanocrystals were found to contain slightly higher amount
of the halide counterpart. This result can be explained by the tricky difference introduced in the
synthesis techniques for formation of nanorods and nanocrystals. An appreciable stirring was
performed in initial stage of synthesis in case of nanocrystals. This enables higher amount of
unreacted Pb precursor to come into contact with unreacted iodine precursor. Hence higher was
performed was performed in initial stage of synthesis in case of nanocrystals. This enables higher
amount of unreacted Pb precursor to come into contact with unreacted iodine precursor. Hence
higher amount of iodine could be included in the compound. On the other side, in case of nanorods,
this initial stirring was excluded and the reaction pot was kept still for several hours. After
formation of certain amount of the target compound, i.e. CHsNHsPbls in the reaction medium,
unreacted Pb precursor could not come into direct contact with fresh halide ions and hence further
iodization is restricted.

Table 5.2: Atomic percentage of Pb and I in CHsNH3Pbls nanocrystals and nanorods

Sample Type Atom % of Pb Atom % of | Pb: I (Atom
%)
CH3NH3Pblz nanocrystals 5.18 17.85 1:3.45
CH3NH3Pblz nanorods 8.35 25.54 1:3.06
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Figure 5.2: (a) FESEM image, (b-e) elemental maps and (f) EDX spectrum of nanocrystals
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Figure 5.3: (a) FESEM image, (b-e) elemental maps and (f) EDXspectrum of nanorods sample

This can be verified from two aspects of the XRD results also. As mentioned earlier, some peaks
corresponding to Pbl, occurred in both of the samples. The peak intensities of this byproduct were
compared to that of the main peaks in case of both samples. It was observed that the relative
intensity for Pbl> is much higher (0.2304) in case of nanocrystal sample than observed in nanorods
(0.0785). This observation is in full agreement with the mechanism proposed above. The elemental

mapping and the EDX spectra of the nanocrystals and nanorods are respectively presented in
Figures 5.2 and 5.3 explicitly.
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5.3.3. Microscopic analysis: FESEM & TEM

Field Emission Scanning Electron Microscopy (FESEM) was employed to observe the
morphologies of the as synthesized samples. It can be seen from Figures 5.4a and 5.4b that
CHsNH3Pblz nanorods have average diameter of ~ 150-200 nm with average length of ~ 5-6 um

while CH3NH3Pbls nanocrystals have an average diameter of ~ 750-800 nm.
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Figure 5.4: Low and high magnification FESEM images of CH3NH3Pbl; (a&b) nanorods and (c&d)
nanocrystals respectively

As mentioned in the x-ray studies, the nanocrystals samples synthesized in this work show smaller
crystallites but higher dimensional particles. But the nanorods are comparatively small indimension
whereas contain larger crystallites. It must be kept in mind that the crystallite size from x-ray
diffraction study normally reflects to range of ordering or crystallinity whereas FESEM depicts the
actual shape of the sample which may be composed of several grains/crystallites. Considering the
synthesis techniques, we know that the nanocrystals were formed in stirring media. Stirring
caused frequent exposure of fresh lead ions to iodine and organic ions and hence different
combination of lattice planes are formed for a short duration. As a result, different crystallites
formed in this case are of small dimension. Those small crystallites are free to coexist adjacent to

each other resulting in large microcrystal. As a consequence, huge microcrystals are expected to
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occur and they are free to reside in dense distribution as we observed in Figure 5.4d. On the other
hand, CHsNHsPbls nanorods are formed in rest condition; each plane in nanorods was allowed to
grow during higher time and might possibly result into higher range ordering with larger crystallite
size. However, any crystallite cannot grow infinitely large; several factors like surface energy
minimization, chemical potential of precursors, etc. restrict the range of ordering. Thus, the
nanorods are expected to contain single or few numbers of lattice planes with high ordering
range/crystallites and distinctly separate from each other. The high magnification FESEM image
presented in Figure 5.4b shows that the nanorods are distributed in the visible area with

comparatively less compact fashion than can be found in case of nanocrystals (Figure 5.4d).
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Figure 5.5: (a) HRTEM image of crystalline plane of nanorods (inset showing a single nanorod),
(b&c) SAED patterns of CH3NH3Pblz nanorods and nanocrystals respectively

However, if the proposed mechanism has to established properly, lattice images must show the
features of long-range ordering in case of nanorods which could only be obtained from TEM
analysis. Inset of Figure 5.5a shows a single nanorod with ~1um length and ~55 nm diameter.
Figure 5.5a reveals the d value for CHsNHsPbls nanorods as ~ 0.28 nm which corresponds to the
(310) planes of tetragonal CH3NH3Pblz lattice. A large portion of the rod was found to be containing
this plane as the major one which supports our XRD studies inferring long range ordering. The
crystalline nature of the nanorods as can be supported by the SAED pattern shown in the next figure
5.5b. The regular arrangement of the bright spots found in the SAED pattern directly indicates to the
single crystallinity of the nanorods. On the other hand, FESEM images of Fig. 5.4d shows that
CH3NHz3Pbls crystals are much higher in dimension as well as thicker and hence it was difficult to
obtain lattice images. However, to compare the crystallinity of the two samples (shown in Fig. 5.4b
& 5.4d), SAED patterns are compared as shown in Figures 5.5b and 5.5c. It can be seen that the
SAED patterns corresponding to the large crystals show a well- defined ring pattern typically found
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for polycrystals.

5.3.4. Optical study: UV-Vis and FTIR spectroscopy
UV-Vis spectroscopic measurement was carried out for the as prepared powder samples to figure

out their energy band-gaps. BaSO4 was used as a standard reference with respect to which the
reflectance data of the samples were recorded. Sharp falls in R (%) was observed indicating the

highly crystalline nature of these two samples. The photon energy was calculated using formula:
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Figure 5.6: (a) Reflectance spectra and (b) Kubelka-Munk plots of CH3NH3Pbl; nanocrystals and
nanorods

E (eV) = 1240/A (nm) Kubelka — Munk function was plotted with photon energy to calculate the
band gap of the samples using the equation: [F(R«.)hv]¥» = A(hv — E4) Here F(R«) = (1-R)%/2R, A is
proportionality constant, hv is photon energy in eV unit, Eq is energy band gap and n is an index
which characterizes the nature of the energy band transitions depending upon if it is direct or
indirect, allowed or forbidden, etc. Now, CHsNHsPbls being a direct band gap type semiconductor,
we have taken n = %. Extrapolating the linear portion of [F(Rx)hv]? vs. hv plot, the values of Eq
were determined. They optical band gaps turned out to be 1.54 eV and 1.57 eV for CH3sNH3Pbl3
nanocrystals and nanorods respectively which agree well with other reported values.*6%71 The
difference in the band gaps of these two samples can be accounted for their different sizes. As
obtained from the electron microscopic images, the rods have an average diameter of ~ 150-200 nm
while the nanocrystals do the same of ~ 1 um. This low diameter value of the rods leads to higher
band gap value compared to that of the nanocrystals counterpart. The spectra and [F(Rx)hv]? vs. hv
plots are presented in Figure 5.7 below. The bonding information and presence of unaccounted

complex organic ions within the samples were studied by FTIR spectroscopy.
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Figure 5.7: FTIR spectra of CH3NH3Pbls nanocrystalsand nanorods

The synthesis was carried out in very low temperature and hence auto removal of weakly interacting
organic molecule or complex ions like in sol-gel process could not be achieved. They might also not
be detected via tools like XRD and EDX. But those loosely bound (if any) attachments are expected
to contribute adversely in cold emission process when subjected to external electric field. Absence
of any such functionalized groups was confirmed by FTIR studies. The FTIR transmittance spectra
showed in this figure showed peaks at 918.7 cm™, 983.1 cm™, 1250.6 cm™, 1415.3 cm™ and 1586.8
cm® which were assigned to NH3*/CHjs rock, C-N stretch, NH3*/CHs rock, symmetric CH3 bend and

asymmetric NH3 bend respectively and agrees well with previous reports for this material. 33
5.3.5. First principle study

A prior knowledge of the work function value is essential to figure out the enhancement factor and
understand the field emission properties of any material. As a way out to overcome the ambiguity
related to work function of this material, we employed a theoretical approach using DFT based first
principles analysis. The outcome of this study was further used in calculation of various field
emission parameters. In order to estimate the work function of the (110) surface of tetragonal
CHsNHsPblz through first principles, computations were carried out using Vienna ab-initio

simulation package (VASP)M%43 with projector-augmented-wave (PAW) approach.[*l The
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exchange-correlation contributions were taken into account via Perdew-Burke-Ernzerhof (PBE)“]
functional within the generalized gradient approximation (GGA). Plane wave basis set up to an
energy cut off 400 eV was utilized throughout the calculation. For geometrical optimizations, the
structures were allowed to relax until the total energy converged below 10* eV/atom. A 2x2x2 k-
mesh was used for the geometrical optimization of the tetragonal CHsNHz3Pbls structure while a k-
mesh of 1x5x5 was used for the calculation of the work function of (110) surface of CHsNHsPbls, A
vacuum slab of 30 A was deployed on the CHsNHsPblz (110) surface to exclude any false
interaction. The work function ¢ was obtained via the following formula: ® = Evac — EF Here Er is
the Fermi energy and Evac is the reference vacuum energy level. Er and Evac are obtained through a
scf calculation in spin restricted condition. Initially, the tetragonal CHsNHsPbls unit cell was
optimized and the lattice parameters were found to be a = 8.79 A and ¢ = 12.98 A which agrees well
with the previous reports.[*l A (2x2) view from z direction of the optimized CHsNHsPblz structure
is given in Figure 5.8c. Next the (110) surface of CHsNH3Pblz was constructed and relaxed which is
shown in Figure 5.8b. In our calculation, the vacuum energy Evac Was estimated from the constant

value of planar average electrostatic potential at a large distance from the surface
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Figure 5.8: (a) Variation of the Average electrostatic potential with distance from the surface, (b)
The (110) optimized surface and (c) CH3NH3Pbls (2x2) view from z direction, obtained by DFT
analysis
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and the Fermi energy Er was found from the DFT calculation. For the (110) surface of CHaNH3Pbls,
Er and Evac were found to be -4.2035 eV and 0.9665 eV respectively, resulting in a work function
(¢) value of 5.17 eV. The variation of the planar average electrostatic potential with distance from
the surface, as found from the first principle calculation, is represented in Figure 5.8a.

5.3.6. Finite element analysis

In order to verify the experimental FE results, finite element method (FEM) using ANSYS Maxwell
simulation software was employed and the local electric field distribution of the samples was

simulated. For this, firstly the 2-dimensional models for both nanostructures i.e.
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Figure 5.9: Simulated electric field distribution of CH3NH3Pbls (a) nanocrystals and (b) nanorod at

200 um inter-electrode separation

nanocrystals and nanorods were modeled and the input parameters like electrode separation,
dimension of the emitters etc. were selected as per actual basis. Figure 5.9a shows the 2D model of
CH3NHzsPbls nanocrystals having dimensions ~ 750 — 800 nm, whereas the nanorods bearing
average length ~ 5 - 6 um and diameter ~ 150 — 200 nm (Figure 5.9b). The anode-emitter distance
was maintained to be at 120 um and the applied electric field was 2 kV for both the models. The
horizontal color panel just below Figures 5.9a & 5.9b represents the different output electric field
intensity distributions, where the red and blue colors indicating the maximum and minimum field
value respectively. From the simulated results it can be clearly observed that the nanorods emit

higher electric field than the nanocrystals.
5.3.7. J-E characteristics

Field emission properties of the as synthesized CH3NHsPbls nanorods and nanocrystals were

performed in our homemade high vacuum field emission setup. The set up includes two electrodes
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consisting of a stainless-steel platform which acts as the cathode and a stainless-steel conical tip (1.5
mm diameter) which acts as the anode. Mounting the samples on the stainless- steel platform was
carefully carried out by placing a double-sided conducting carbon tapes (5mm, Nisshin EM. Co.
Ltd.) on this stainless-steel platform at first. Then the as prepared powder samples were pasted onto
these double-sided conducting carbon tapes by pressing them adequately to form films. The pasting
was performed by using a glass slide to ensure maximum smoothness and uniformity of the emitting
surface as well as contact of the emitter nanostructures with the tape. The samples were placed at
different inter-electrode distances by a micrometer screw attached to the system. Furthermore, this
entire diode system was placed in a transparent chamber which was evacuated up to ~10—6 mbar
base pressure using a combination of rotary and oil diffusion pump. The transparency of the
chamber enabled us to ensure that no discharge from the surface of the sample took place while
applying high electric field. Now emission current | and applied electric field E are theoretically
related by: 4748l

22
I = %e—b(ﬁm/ﬁ (5.1)

Here ¢ and B are the local work function and the field enhancement factor respectively, A is the
emission area (i.e. area of the anode tip = (7/4) x 1.5 mm?), a, b are called Fowler — Nordheim (F-
N) constants having values a =1.54 pA eV/V? and b = 6.83x10° eV 2 V/um. E was calculated by
dividing the externally applied input voltage V (in volt) by the inter electrode distance x (in pum).
The above relation can be rewritten as:

in(L) = (%) - bo’2 (5.2)

E? ) BE

Here J = I/A is emission current density. Hence, a plot of In (J/E?) vs. 1/E gives straight line with
slope (say m) = - b¢¥?/p and intercept = In (ap?/). So, from the knowledge of this slope, one can

figure out the field enhancement factor 3 using:

g = — (b®3/2) (5.3)

m

Besides, the effective work function ¢erf i.e. work function reduced locally at the emission sites is

obtained from the relation:[#84°

19, = (ﬁ) (5.4)
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Figure 5.10: (a) J-E characteristics of CH3NH3Pbl; nanorods and nanocrystals at x = 200 pm,
whereas the inset showing the J-E characteristic of the nanocrystals alone; (b) J-E characteristics of
CH3NH3Pbls nanorods at x = 120 um, 150 um and 180 pum; (c) F-N plot of CH3NH3Pbls nanorods
at x =120 pum, 150 pm, 180 um and 200 um; (d) Plot of field enhancement factor and turn-on field
vs. inter-electrode distance; (e) Effective work function vs. inter-electrode distance; (f) Temporal
current stability profile at x = 200 pum, E = 5 VV/um for CH3NH3Pbl; nanorods

Figure 5.10a shows the J-E curves obtained from the experimentally observed current voltage data

for CH3NH3Pbls nanocrystals and nanorods both at x = 200 um while the inset of this figure gives a
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closer view of the J-E characteristics for the nanocrystals. As this figure demonstrates, the
nanocrystals yield a current density of the order of 0.5 pA/cm? at a large externally applied
electric field more than 10 VV/um but the nanorods have attained a current density of 100 pA/cm? at
6 V/um external field. This indicates 200-fold enhancement of current density, indicating the

superiority of the 1D nanostructure over its 2D counterpart.
Effect of emitter morphology on FE performance

The better FE performance of CHsNH3sPbls nanorods than nanocrystals can be explained in terms of

their morphology and crystallinity. Generally, materials with high curvature points in their
geometrical structures possess a tendency to accumulate electric fields at these locations to lower
the work function locally and tunnel electrons through the remaining potential barrier. So, the field
values at such points are now not just E what was applied externally, but it became enhanced to a
value BE (B = local field enhancement factor). From the FESEM images, it is very clear that
CH3zNH3Pblz nanorods have a higher aspect ratio compared to that of CHsNH3Pblz nanocrystals. So,
these nanorods, due to their sharp geometry, make the electric lines of force condensed and pile
upnear the edges. Thus effectively, triggering enhanced of the field near these edges. These edges
then act like electron emission sites and produce high emission current density. On the contrary, the
nanocrystals possess blunt flat surfaces and lacking sharp peripheral edges. So, they cannot
converge the field lines and hence not favorable for cold electron emission. Furthermore, the
crystallinity of the samples plays a vital role in the electron emission. If we consider that, after
applying an electric field, an electron tunnels out of the surface potential barrier of a nanostructure,
reaches the anode tip, traverse through the external circuit and finally goes to the ground. Therefore,
another electron from the ground must enter back to that nanostructure again to maintain the close
channel of electrons which produces the current. This is where the situations differ for nanorods
and nanocrystals in our case. The nanorods being quasi single crystalline in nature, as revealed from
the TEM images, can easily get electrons supplied from ground. But for the nanocrystals which
have polycrystalline nature, the electrons supplied from the ground get obstructed while entering
into the nanocrystals. They get scattered whenever they cross an inter-crystalline grain boundary. So
only few electrons to survive this energy losses due to scattering and contributes to the emission

current.
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Effect of electrode separation on FE performance

As the first report of electric field emission of CH3NHzsPbls, the investigation was extended to find
out the effect of inter-electrode separation on the cold emission behavior. Three more distances of
120 pm, 150 pum and 180 um were adjusted and the FE experiment was repeated for each case.
The obtained J-E characteristics are presented in Figure 5.10b whereas their corresponding
F-N plots along with that obtained at 200 pm are depicted in Figure 5.10c. Figure 5.10b indicates
that with increasing inter-electrode distance the current densities for CH3NHsPblz nanorods
increased. This is due to the fact that, as we increase the inter-electrode separation, the region of the
sample placed right beneath the anode gets more exposed to the anode and due to this, the inter-
electrode field acts upon greater number of electrons. From the slopes of all the F— N plots, we have
calculated P by putting ¢ = 5.17 eV (calculated from DFT) in eqn. (5.3). Figure 5.10d display the
variation of the turn on field (the electric field required to produce the current density of 10 pA/cm?)
and local field enhancement factor B with inter-electrode spacing respectively. This figure
demonstrates the same aforesaid phenomenon that increasing the inter- electrode distance leads to
increasing number of electrons reaching the anode as a consequence of inclusion of higher number
of emitters.®® However, increasing the electrode separation beyond 200 pm caused inferior FE

properties with maximum current
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Figure 5.11: (a) J-E characteristic plots and (b) F-N plots for CH3NH3PDbls nanorods at inter-
electrode separation of 250 and 350 um; inset showing the linear segments only

densities 70 and 45 pA/cm?  for 250 and 350 pm distances respectively (presented in Figures
5.11a & 5.11b). These results may be accounted for the increased potential barrier appearing due to

too much increment of inter- electrode distances. As estimated using eqgn. (5.4), the values of
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effective work function ¢eft obtained for different inter-electrode separation are presented in Figure
5.10e. The enhancement of FE performance with increasing inter electrode distance can also be

considered equivalent to that resulting due to reduced effective work functions.[*8511

5.4. Temporal stability of emission

To be realized in effective emission based devices, any new proposed emitter material must be
tested to check the time stability of cold emission. This is even a more crucial factor for CHzNH3Pbl3
field emitters. Easy vulnerability of such halide under harsh external reagents might introduce
unexpected newer barriers against their real-life applications. The nanorod samples, being the best
CH3NHzsPblz nanostructure for FE applications, were subjected to high external field for a long
duration and the output current density was studied. This experiment was performed keeping the
inter electrode separation 200 um since this was the best optimized condition. As shown in Figure
5.10f, the output current density maintains an average value of 23.6 pA/cm? with appreciable
stability when applied with an external bias of 5 VV/um for the period of 2 hrs. This result can also be
attributed to the quasi-single crystalline nature of

Figure 5.12: Low and high magnification FESEM images of CH3NH3Pblz nanorods (a) before and
(b) after FE measurements
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CH3NHzsPbls nanorods. Locally generated heat, even in very small extent can add adverse effects on
cold crystallinity, material composition and sharpness of morphology. Those are very strong factors
governing the cold electron emission. As field emission properties are often considered as ‘local’
phenomenon in a very close proximity of the emission site, these factors become even more crucial.
As we have already mentioned in the earlier subsection, the long range ordering in CH3NHsPbl3
nanorods enables less scattering of the electrons and hence lower probability of energy dissipation
in form of heat. This in turn results into a stable cold emission current density as observed in the
mentioned figure. It was also observed that the CH3NH3Pbls nanorods subjected to high external
electric field retained their morphological features entirely (see Figure 5.12).

5.5. Outcomes and achievements

Field emission property of nanocrystals and nanorods of CH3NH3Pbls has been reported for the first
time. The samples were prepared by a very simple wet chemical approach. After proper
characterizations by XRD, EDX, FESEM, TEM, UV-Vis. spectroscopy and FTIR spectroscopy, the
field emission property of these samples was investigated. The compositional and structural
observations were explained as direct consequences of synthesis techniques. Between the two
samples, the nanorods showed a considerable field emission behavior with current densityreaching
~ 96pA/cm? and a turn on field of 4.2 VV/um, owing primarily to their rod like 1D nanostructure.
The comparatively lower current density obtained in the case of the nanocrystals has been addressed
in terms of their low aspect ratio and poly crystalline nature. The dependenceof the FE properties
such as field enhancement factor, turn on field etc. upon the inter-electrode separation were also
been studied. Temporal stability of the emission current, playing a crucial role from the application
point of view, was checked for 2 h. The work function ¢ (5.17 eV) of the material has been
calculated from DFT analysis. From both the theoretical and experimental studies, it is clear that

CHsNH3Pblz nanostructures are potential field emitter.

A comparative collection of FE results has been summarized in Table 5.3 for most of the good
performing field emitters and it can be seen that the CHsNHsPbls have comparable FE
characteristics, particularly keeping in mind that this is the first report for the same. This present
work leads to a new path way for the potential application of CH3sNH3Pbls to be used in emission
based display and other devices. It also provokes to further research on the FE properties of other

related halide perovskites with different morphologies.
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Table 5.3: Comparison of obtained field emission performance with other materials

Sample/System Turn on field (V/um) Reference
ZnO NW 6 (at] = 0.1 pA/cm?) [52]
Patterned ZnO nanorods/Si 4.4 (at] =10 pA/cm?) [53]
ZnO nanowires 2 (at] = 10 pA/cm?) [54]
Cl-doped ZnO NW arrays/3D graphene 1.6 (at] = 10 pA/cm?) [55]
foam

SiNW 5.0 (at] = 10 pA/cm?) [56]
Carbon nanoflakes coated Si NW 2.77 (at] = 10 pA/cm?) [57]
SWCNT 1.5-4.5 (at] = 10 pA/cm?) [58]
CNT films treated using H2 plasma 1.2-0.5 (at] = 0.1 pA/cm?) [59]
ZnO incorporated CNT 1.5 (at] = 0.1 pA/cm?) [60]
CNT on nanopatterned substrate 0.58 (at] = 10 pA/cm?) [61]
CH3NH3Pbl3 nanorods 4.2 (at] =10 pA/cm?), This work

2.1 (at] =1 pA/cm?),
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CHAPTER O

Enhancing the Emission Behavior Further:
Nanostructure Alignment and Light [llumination

6.1. Scope of further improvement
While most of the research activities on Methylammonium lead iodide (CH3NH3Pbls) are

dedicated towards its photovoltaic and allied applications,i*! very few reports are there in the
literature on its other application aspects.!® 71 Electron field emission is one such aspect which is
of great technological importance because of its low power consumption with high picture
quality when used as a flat panel display unit. In 2017, a detail investigation was carried out by
Besra et al. in this direction to explore the field emission properties of CH3sNH3Pbls (NRs) for
the first time ever.[®l Although the orientation of the NRs was not limited to any particular
direction, the results obtained were yet promising. Literatures suggest that materials having
vertically aligned nanostructures prove to be superior electron field emitters in comparison with
ones having no directionality.®'!l Therefore the scope of further improvement of the emission
behavior was there in that study by aligning the NRs vertically. Numerous documentations on
such vertical alignment of CHsNH3Pbls nanostructures can be found in literature.[*>24 However,
the use of AAO (Anodic aluminum oxide) templates has its own advantages amongst them,
mostly because of its large scale uniformity and independence of the filler material.[*>€]
Whatever material is poured and filled into the pores of the template, the scaffold finally shapes
the nanostructures of all the materials exactly with identical geometry. Moreover, performance of
electron field emission tuned by incident photons has its own importance not only from its
application point of view but also for the fundamental understanding of the emitter material
under investigation. Metal halide perovskite, CH3NH3sPbls is already renowned for its remarkable
optoelectronic features e.g. high absorption coefficient, large carrier diffusion length, etc.[*:8] |t
possesses excellent detection capability under near infrared (NIR) radiation corresponding to its
energy band gap.[*?% Hence, it would be very much interesting to study the impact of near

infrared photons on the electron field emission behavior from vertically aligned CH3NH3sPbls
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NRs. So here, vertically aligned CH3NH3sPbls NRs were first grown with the help of AAO
(Anodic aluminum oxide) template and characterized by X-ray diffraction (XRD), Field
emission scanning electron microscopy (FESEM) and UV-Vis spectroscopy to ensure the
crystalline phase, morphological features and optical characteristics respectively. Electron field
emission properties from these NRs were then investigated. The impact of different illumination
conditions on the emission performance was finally probed by shining appropriate photons with
varying intensities. The experimental observations were also corroborated with simulation of the
local electric field distribution near the NRs under plane polarized light of different field

strengths.

6.2. Nanorods alignment and their characterizations

6.2.1. Alignment of nanorods

Vertically aligned CHsNH3zPbls nanorods were grown in AAO (Anodic aluminum oxide)

template using the methodology prescribed in section 4.3.
6.2.2. Characterizations

The phase of the sample was confirmed by X-ray diffraction (XRD) patterns recorded on a
Bruker D8 diffractometer (Cu K, radiation, wavelength 1.5404 A). The morphological features
were investigated by Field emission scanning electron microscope (FESEM) images taken by a
HITACHI S4800 electron microscope. The optical characterization and the band gap were
studied by UV-Vis spectrophotometer (JASCO V-750). Finally, the field emission properties of
the sample were investigated using a lab made high vacuum field emission set-up.

6.3. Results after alignment

6.3.1. Structural and morphological study

Crystalline phase of pristine CH3sNH3Pbls powder was ascertained from its XRD pattern (Figure
6.1). The presence of sharp diffraction signals corresponding to the crystalline planes (110),
(112), (211), (202), (004), (220), (213), (114), (310), (312), (224), (411), (314) and (404) in the
XRD pattern confirmed the well crystalline formation of the sample in tetragonal phase space

group 14/mem.[?! Figure 6.2 shows top and cross view FESEM images of prepared sample.
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Figure 6.1: X-ray diffraction (XRD) pattern of the as preparedpristine CH3NHsPbls powder
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Figure 6.2: (a) Low magnification FESEM image of the upper surface, (b) high magnification

FESEM image of the upper surface, (c) low magnification cross FESEM image, (d) high
magnification cross image of the sample grown in AAO template respectively
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It’s clearly evident from these figures that numerous rod- like 1D structures have grown with

diameter of ~ 200 nm and length of several tens of micrometers.

6.3.2. Spectroscopic analysis (UV-Vis)

The reflectance spectrum of the as prepared sample was recorded and shown in Figure 6.3. The
sharp fall in the reflectance data ensures well crystalline nature of the as prepared sample. The
characteristic energy band gap of the material is indicated in the figure by shaded box at the
wavelength range ~ 700 - 800 nm. The exact value of the band gap was however pinpointed by
taking the X-intercept of the linear part of the reflectance spectrum extrapolated to the
wavelength axis (Figure 6.3). The band gap was thus calculated to be 1240/760 (nm) = 1.63 eV
using the formula: E4 = ho/h. Here Eq is energy band gap, h is Planck’s constant (6.67x103* J-s),
c is light speed in vacuum and A is the wavelength of the incident photons. The obtained energy

band gap agrees very well with other reported values in literature. 2%
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Figure 6.3: UV-Vis. reflectance spectrum of the as synthesized sample

6.3.2. Field emission study

Field emission is nothing but a quantum mechanical process where electrons are forcibly

tunneled out through a potential barrier (also called ‘work function’), otherwise classically
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impossible. High electric field of the order of several tens or hundreds of MV/m is applied and
electrons come out of the surface of the sample. The current so built from these collected

electrons is defined by Fowler-Nordheim (FN) eqn.[® as:

J= () e (6.12)
Hence, In (%) = In (%) _ ”‘;E/ (6.1b)

Here J = current density, a and b are called FN constants (a = 1.54 x 10°® A. V2. eV, b = 6.83 x
103 V. eV¥2, uym™), E = externally applied electric field, B = enhancement factor (a measure of
the quality of the emission behavior) and ® = work function of the sample respectively. In our
experiment, the sample was mounted on a stainless-steel platform (serving as the cathode) with
another stainless-steel conical tip (serving as the anode) of diameter 1.5 mm facing the surface of
the sample. This entire arrangement was enclosed within a glass chamber which was evacuated
at as low as 10 mbar pressure. Using a screw gauge shifter attached to that very conical tip, the
sample to anode i.e. the inter-electrode distance was adjusted and kept at 200 um (say, x). A
schematic of the setup is given in Figure 6.4a. External high voltage (V) was applied across it
andthe emission current (I) which was built from the electrons collected at the anode and flowing

through an external circuit was measured. The electric field E and the current density J as

mentioned in equations 6.1a & 6.1b were calculated using the formulae: E = V/x and | = I/a.
Here, a is the cross section area of the anode i.e. the conical tip. It is clear from Figure 6.4b that
very good emission was obtained from the sample with a turn on electric field (field
corresponding to current density 10 pA/cm?) of 3.4 V/um and reaching a current density up to
230 pA/cm?. The linear behavior of In (J/E?) vs. 1/E plot (also known as FN plot, Figure 6.4c)
guarantees the electron emission to be FN type in nature. If known the work function @, the

slope of this FN plot gives the enhancement factor B by the relation:

p= () 2

m

Using b = 6.83x10° V. eV¥2, um™, ¢ = 5.17 eV (taken from one of our previous works), and

slope (m) =-14.6 VV/um (obtained from the FN plot), the enhancement factor came to be 5500.

6.4. Effect of light illumination

Near infrared (NIR) radiation with A = 750 nm corresponding to the energy band gap of
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Figure 6.4: (a) Schematic of the FE set up, (b & c) J-E characteristic curves and the
corresponding FN plots at different illumination conditions

CH3NH3Pbl; (see Figure 6.3) was incident on the sample. It is to be mentioned that the incoming
photon wavelength i.e. 750 nm excludes any possibility of contribution from template in electron
emission upon photon impinge. AAO template because of its high energy band gap value [?%
effectively behaves to these incident photons as fully transparent. The effect of light exposure with

various intensities upon the emission behavior can be readily seen from Figures 6.4b & 6.4c.
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Figure 6.5: Plots of turn on field and enhancement factor at various light intensities

In comparison to the dark condition, the current density showed prominent increase with the
increase in light intensity. Looking at a particular electric field of 10 VV/um, the current density
increases from 187 pA/cm? to 330 pA/cm? and then finally to 455 pA/cm? with the increase in
intensity of illumination. Correspondingly the change in the current density was calculated to be
76.5% and 143.3% at intensities of 0.2 mW/cm? and 0.5 mW/cm? respectively. As Figure 6.4c
depicts, the slope of the FN plots keeps on decreasing with increasing light intensity, thus
indicating gradual improvement in the enhancement factor . Figure 6.5 shows the variation of
turn on field (E¢) and enhancement factor § with different illumination intensities, the 3.4 to 3
V/um as light of intensity 0.2 mW/cm? is shed upon the sample. The turn on field drops further
to 2.8 V/um, when more intense light of 0.5 mW/cm? is exposed on it. At the same time, the
enhancement factor keeps on strengthening. Starting from a value of 5500, it becomes 7950 and
finally reaches to 9793. To assess the obtained performances, a comparison has been finally
made with other similar findings reported by few research groups in Table 6.2. results being
tabulated in Table 6.1. As evident from these data, the turn on field decreases from 3.4 to 2.8

V/pm.
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Table 6.1: Effect of light upon field emission performance

Light intensity Turn on field Enhancement J (nA/cm?) at Change in J

(mW/cm?) Et (V/um) factor B E =10 V/um AJlJo (%)
Zero 3.4 5500 187
0.2 3 7950 330 76.5
0.5 2.8 9793 455 143.3

Table 6.2: Comparison of field emission performances of different perovskite systems

Different halide perovskites Turn on field Enhancement factor Ref.
Et (V/um) B
Wet chemically synthesized 4.2 ~ 4500 [8]
CHsNH3Pblz nanorods
CsPbClz nanobelts 2.62 3553 [26]
CsPbX3 nanorods 4.5-10.1 602-1501 [27]
Template assisted vertically 2.8-3.4 5734-9793 This work

aligned CH3sNH3Pbls nanorods

The obtained photosensitivity of the electron emission current density can be attributed to the
generation of excess charge carriers i.e. electrons excited from the valence band to conduction
band of CH3NHsPbl3.1232%1 With increased illumination intensity, the number of photo-excited
electrons increases further and in turn they tunnel out of their semiconductor surface to vacuum
producing larger emission current.

The mechanism can be easily understood from the schematic given in Figures 6.6(a- d). Under
an electric field E, the potential barrier V(x) seen by an electron while tunneling from a
semiconductor surface varies with inter-electrode spacing x as:

2

Vix) = — Z—x —eEx (6.3)
However, in addition to such tunneling through this triangular potential, photo- excited electrons
from conduction band of the semiconductor also penetrate into the anode surface and add up to
the resultant current density. The strength of the emission current so generated from these photo-

excited electrons naturally increases with the increase in number of photo-generated carriers due

to photons having more intensity.
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Figure 6.6: Schematic of (a) photo induced field emission, emission mechanism under (b) dark, (c)
0.2 mW/cm2 and (d) 0.5 mW/cm2 light intensities

6.5. Simulation of local electric field distribution

Electric field distribution near the CHsNH3sPbls nanostructures was simulated using COMSOL
Multiphysics software. Electrostatics in stationary mode under AC/DC module and
Electromagnetic waves in frequency domain mode under wave optics module were added in
Physics. In the 2D model geometry, uniformly spaced (200 nm inter-spacing) rectangular
CHsNH3Pbls structures array with width 200 nm each were built inside another rectangular air
block. External electric field was applied by defining electric potential at the top and bottom
boundaries of the air medium. Light with varying intensities was applied by defining a Gaussian
plane polarized wave with different X-components of its electric field. The frequency of the
incident light was set at 400 THz corresponding to illumination of 750 nm. Scattering boundary
condition was applied across all the peripheral boundaries of the surrounding air medium
ensuring total radiation absorption. Local electric field distribution near the vicinity of the NRs

under dark condition was simulated in COMSOL Multiphysics, as shown in Figures 6.7(a&b).
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Figure 6.7: 2D electric field simulation for (a) array and (b) single NR under dark; Simulation
for single NR under plane polarized light with electric field components (c-f) 60, 80, 100 and

120 V/m respectively under no bias

Under an externally applied test field of 5x10° V/m, prominent electron emission from these
uniformly oriented vertical nanostructures is obvious from the 2D simulations of the field
distribution near NRs (Figure 6.7a) array and a single NR (Figure 6.7b). More field lines
accumulated near the sharp corners of the structures is clearly understood to originate from their
least radius of curvature. Impact of light upon the emission behavior was experimented by
simulating the local electric field near an individual NR, illuminated by an X-polarized Gaussian
light wave falling vertically upon it without any bias applied across the rods. By varying the
electric field X-components of the incident plane polarized wave, relative increase in the
simulated field distribution was observed from Figures 6.7(c-f) for Ex equal to 60, 80, 100 and
120 VIm, thereby supporting the experimentally found emission improvement upon light

illumination (Figure 6.4b). As these figures imply, field near the proximity of the structures
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builds up to several hundred millions of volts per meter. The gradual strengthening of the electric
field near the sharp corners of the NRs (Figures 6.7c-6.7f) unequivocally expresses increasing

emission behavior from the NRs when illuminated by light with greater intensities.

6.6. Conclusion

To conclude, CH3NHz3Pbls vertical NRs were synthesized using AAO template and finally field
emission or cold cathode emission property of these nanostructures was investigated.
Considerable electron emission was achieved with 3.4 VV/um turn on field and maximum current
density reaching up to 230 pA/cm?. The turn-on field came to be lower as compared to what
obtained in one of our previous works with randomly oriented CH3NH3Pbls NRs. Alignment of
the nanostructures towards only a particular direction was assigned to be the key factor for
producing this improved emission. Further investigation under different light intensities revealed
sensitive optoelectronic behavior of CH3sNHsPbls, which was finally supported with theoretical
simulation of the local electric field distribution near the NRs emitters. Increased photo-excited
carriers led to gradual lowering of turn on field up to 2.8 V/um under light intensity of 0.5
mW/cm?. Looking at the current trend of application of CHsNH3Pbls, this work plays with an

offbeat application aspect apart from solar cells and motivates for further research in this topic.
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CHAPTER [

Photodetection and Its Improvement

7.1. Background of the work

Within the last one or two decades, metal halide perovskites, especially CH3NH3sPblz (Methyl

ammonium lead iodide; henceforth MALLI), has given us so many remarkable achievements in
the field of photovoltaics and other allied technological sectors, that it wouldn’t be exaggeration
to say that we are at the threshold of what can be called a ‘Perovskite age’. Large carrier
diffusion length,!! high mobility,!! low excitonic binding energy,!?! tunability of the energy band
gap over a wide range,! etc. are the reasons for its excellent optoelectronic properties. Besides
these intriguing features, facile and budgetary preparation methodsi*! add up an additional
advantage to their widespread usage.

Apart from well documented perovskite solar cells, researchers have also devised photodetectors
based on it. However, device performance, in many cases, is restricted to certain limits as they
suffer from issues like slow photo response, low efficiency, lack of durability. Such limitations
are attributed to the issues associated to perovskite material e.g. narrow spectral absorption,
presence of defects in considerable amount, susceptibility to water, temperature and other
external conditions, etc. So, for the upgradation of the device performance, scientists have a very
clear motto to broaden the spectral absorption range, reduce carrier recombination losses and
hence charge transfer resistance and stabilize the device for long run applications, obviously in
economical approach. To achieve these qualities, several protocols have been adopted in
literature e.g. upgrading crystalline qualities,™ realization of morphology tailored nanoforms, €
inducing electric field within the material,[’l optimizing electrode depositions,®! hybridizing or
making heterostructures with different nanomaterials,’®° controlling materials interfaces,[*%4
etc. Where the fundamental idea is to minimize the carrier losses and facilitate the charge
transfer. Among these aforesaid pathways, realization of heterostructures via rational coupling of

different materials with perovskites is immensely pertinent from both research and technological
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aspects as it opens up the possibility of functionality enhancement along with noble interface
phenomenon generation.

Vanadium pentoxide (V20s), when used in various nanoforms, have huge applications in
different technological segments e.g. supercapacitors,*?®l field emission,[** photocatalysis,*°!
and photodetectors,*®! as well. V205 possesses a band gap of ~2.5 eV in visible region which
motivates researchers to explore their optoelectronic usages such as optical wave guides,
photodetectors and photoelectric switches. With the introduction of very tiny nanoparticles of
V20x into CH3NH3PDbls«Clx matrix, Liu et al. have successfully enhanced the photovoltaic
performance of the device.'? However, a systematic in-depth investigation is still required to
explore the eminence of nanoparticles for improvement of the air stability of organometal halide
perovskites as well as the electrical performance of the devices.

Motivated by an intuition that a 1D nanoform would carry electrons/ holes far better than
particulate one, we took an attempt to upgrade the qualities of perovskite-based photodetector by
incorporating V20s in the form of 1D nanostructure into CHsNH3Pbls. Optimized hybrid sample
exhibited 3-fold improved performance than the pristine MALI sample. The improved
photodetection performance of the modified sample was scrutinized thoroughly by current-
voltage characteristics under dark and illumination conditions. Additionally, Mott-Schottky
analysis suggested the lowering of the interfacial energy barrier in the optimum sample, which in
turn strengthened the dissociation of excitons compared to the pristine perovskite. Equivalent
circuit diagram based on the Nyquist plots revealed the low resistive character of the modified
sample. The obtained low value of the charge transfer resistance was ascribed to the cross linked
V205 nanorods spread over the entire surface of perovskite matrix. To check the real time
applicability of the devices, their detectivity was monitored under ambient condition at some
intervals with no encapsulation. The stability of the devices was further probed by bringing them
in direct contact with water droplets and constantly recording the contact angles. In this context,
generation of Cassie-Baxter (CB) state on the surface of the sample due to increased roughness is
proposed which is based on the experimentally observed contact angle measurements and the
simulated surface roughness data. From the beginning, perovskite has a universal drawback of
degradation due to water species.[*®l Our present work provides a possibility to deal with such

degradation issues.
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7.2. Device preparation and material characterizations

Devices i.e. FTO/CH3NH3PbIs/FTO, FTO/V20s/FTO and FTO/CH3sNH3Pbls:V20s/FTO with
various sample loading were prepared using the procedures as described in sections 4.5, 4.6 and
4.7 respectively. The active materials required for making these devices i.e. CH3sNH3zPblz and
V205 (nanorods) were prepared by following the synthesis protocols mentioned in sections 4.1

and 4.4 respectively.

The proper phase formation of the as prepared samples was ascertained by X-ray diffraction
technique (Bruker D8 diffractometer) with Cu K, radiation of wavelength 1.5404 A. The
microscopic analysis was performed by field emission scanning electron microscopy (FESEM,
HITACHI S-4800). High resolution transmission electron microscopy (HRTEM, JEOL JEM
2010) was used to analyze the crystalline features of the samples. The elemental idea of the
samples was derived from X-ray photoelectron spectroscopy (XPS, SPECS, HSA-3500) using Al
K, radiation of energy 1486.6 eV. The interface effects in terms of Mott Schottky study were
performed using 302N AUTOLAB. Frequency dependent dielectric data was obtained by
Agilent 4294A precision impedance analyzer. The stability of the samples against water was
analyzed by contact angle measurements (OCA 15 EC DATA PHYSICS). The surface
roughness of the samples was simulated and investigated by using “Image J” software. The
current-voltage characteristics under dark and light were studied with Keithley nanovoltmeter

2182A, source meter 2400, and 6221 current source meters interfaced with Lab VIEW program.
7.3. Results and discussion

7.3.1. Structural and morphological analysis

The XRD patterns of all the composites i.e. S1, S2 and S3 along with the pristine perovskite and
V205 are deployed in Figure 7.1a. The peaks at their respective 20 positions approve the
existence of tetragonal CH3NHsPbls*®! and orthorhombic V20s [JCPDS PDF number 761803].
Not only that, the well crystallinity of the samples is evident from their sharp diffraction signals.
Furthermore, a visual evidence of the morphological features of MALI, V205 and S2 can be
obtained from the typical FESEM images shown in Figure 7.1(b-d) respectively, the insets

showing their corresponding high-resolution images. The FESEM images of S1 and S3 are
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presented in Figures 7.2(a-d). Figure 7.1b depicts the uniform granular formation of perovskite
host material with the corresponding inset image showing the crystalline grains very vividly.
Besides, Figure 7.1c shows lots of well crystalline nanorods of V205 guest material which are 10
- 15 um long with diameters ranging in 50 - 150 nm. Finally Figure 7.1d displays that those
nanorods are well embedded into CHsNH3sPbls matrix, which can be better understood from the
inset image of that figure. Therefore, the system is nothing but a V.Os network inter- penetrating
through the MALI clusters. The images also show that no aggregation of V20s nanorods took
place as a result of optimal spin coating technique. The FESEM images of samples S1 and S3
are also depicted in Figure 7.2a & 7.2b respectively. These figures indicate that S3 comprises

V20s nanorods interpenetrating through large perovskite boulders distributed uniformly

throughout the sample. Besides, S1 consists of discrete and localized perovskiteislands

E S%osslinked V,0,

CH,NH,PDI,
(211)m
CH,NH,PbI,
(220)

Figure 7.3: (a&b) High resolution TEM images of S2;(c&d) Crystal planes captured in HRTEM
images
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connected by V20s nanorods.

The transmission electron microscopic (TEM) images (Figure 7.3) provide additional approval in
favor of the simultaneous presence of CH3sNH3Pbls and V2Os in the form of nanorods. Figure
7.3a & 7.3b clearly indicate the presence of V20s nanorods interpenetrating through perovskite
matrix. The crystalline fringes in Figure 7.3c show the (211) and (101) planar orientations of
CHsNH3sPbls and V205 respectively. An additional crystal plane of CHsNHsPbls (220) is also
deployed in Figure 7.3d. These TEM images signify the high crystalline nature of the synthesized

samples and corroborate with the XRD results.

7.3.2. Spectroscopic analysis: XPS
The elemental composition of the as-prepared samples can be obtained from the surface probing

by X-ray photoelectron spectroscopy (XPS). Figure 7.4 shows the individual high-resolution
spectra of the constituent elements, whereas the full survey scan of all the possible constituent
elements of S2 indexed against their appropriate binding energies are provided in Figure 7.5.
Considering the adventitious carbon (binding energy = 284.6 eV) as a reference, all the binding

energies are charge corrected.
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Figure 7.4: Full XPS survey scan of S2 (charge corrected)
The HR signal at 400.7 eV is assigned to N 1s state of CHsNH3sPbls. Besides, the signals found
at 136.9 eV and 141.6 eV, with the energy splitting of 4.7 eV, are accredited to the spin-orbit
doublet of Pb 4f72 and 4fs/» respectively. XPS peaks arising at 617.1 eV and 628.8 eV owe to the
spin-orbit doublets of | 3ds;, and | 3ds/ respectiilsggly, resulting into an energy gap of 11.7 eV. On



the other hand, the presence of V (Vanadium) in 2ps;2 and 2py states is ascertained from the
binding energies at 517.2 eV and 524.5 eV respectively, accompanied by the spin-orbit splitting
energy 7.3 eV. Additionally, the peak observed at 530.0 eV infers the presence of O in 1s state.
Hence the obtained XPS results approve the coexistence of CHzNHzsPbls and V20s.[20%]

(o) I ()| — B
NG vo, Lo NIs
“ J

» Pb4f
o |—Pbdf7
B ‘— Pb 4f5)

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

8 250 282 284 286 288 290 39 397 398 309 400 401 402 403 404 408 134 136 138 140 192 144 146 148
Binding energy (eV) Binding energy (eV) Binding energy (eV)
d . s
(©) soul © ag oV ° 015
[—13d,, & —V2p, ~ Fitted data
|—13a,|| |~ =Y -~
- Tl |5 G =
R : &
& E S
e 2 i<
E g g
= = = | %
6:2 616 6‘20 6;4 o:l's o.;: 636 s12 ‘fl(’ . 520 524 528 522 525 ! .528 531 534 537
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 7.5: High resolution XPS spectra of (a) C 1s, (b) N 1s, (c) Pb 4f, (d) 1 3d, (¢) V 2p and (f) O
1s respectively

7.4. Effect of V205 nanorods incorporation

7.4.1. Current-Voltage characteristics under dark and light

Prior to the measurement, all the samples were kept for several hours in complete darkness to
attain equilibrium conditions. Current-voltage (I-V) characteristics of MALI, S1, S2 and S3
under dark and light exposure have been studied and plotted in semi logarithmic mode provided
in Figures 7.6a, 7.6b, 7.6¢c and 7.6d respectively. The effect of light illumination upon the
samples is very much prominent from their distinct dark and photo I-V curves contained in these
above-mentioned figures. The registered values of these dark and photo currents are tabulated in
Table 7.1. The entries in this table directly indicate the significant impact of introducing V20s
nanorods into perovskite (MALI) sample. However, the relative change in the photoconductivity

(Ao/o) for S2 achieved the highest magnitude among all other samples.
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Table 7.1: Dark current, photocurrent and relative photoconductivity change

Sample Dark current (nA) Photocurrent (uA) Aclc
MALI 62.6 0.55 6.6
S1 160 2.62 16.5
S2 460 11.9 25.6
S3 500 11.38 22.4

Furthermore, other important photodetection parameters such as responsivity Ra
(MA/W), detectivity D (cmVHz/W) and external quantum efficiency (EQE) 1 (%) were also

estimated for them using following equations.

R, = fj’—: (7.1a)
__Ra

Dy = (7.1b)
_ Ipn/e

= 5 m (7.1c)

Here Ipn and Jg denote the photogenerated current and dark current density respectively. Besides,
Pin and ‘e’ are power of incident photons and electronic charge respectively. Here h is Planck’s

constant and v is frequency of the incident photons. The subscript A carried by Ra
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Figure 7.7: Current voltage characteristics of V,0sunder dark and light
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signifies the fact that photo- responsivity depends on wavelength of the incident photons,
supported by the Figure 7.8 which shows the variation of Ra varies with A with a characteristic
edge near 700 — 750 nm. However, for detail investigation, we chose only 700 nm wavelength
(near infra-red radiation) as the incident light, since it fulfills the energy band gap criterion for

CH3sNH3Pblz which lies somewhere ~ 1.6 - 1.7 eV.
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Figure 7.8: Spectral responsivity for S2 at lightintensity 0.3 mW/cm2

This particular choice of wavelength also eliminates the possibility of direct participation of the
V205 NRs, in the sense that they can’t provide electron-hole pairs in the system. Therefore, a pair
of current-voltage characteristics for the pristine V2Os NR based device were also studied under
dark and illuminated condition, which is presented in Figure 7.7. As suggested by this figure, it
doesn’t show any prominent increase in its photocurrent compared to its dark counterpart.
Consequently, we studied the photodetection performances of S1, S2 and S3 thoroughly and
compared the obtained parameters with those of pristine MALI sample.

These parameters are tabulated in Table 7.2 and plotted in Figures 7.6e and 7.6f. As evident from
Table 7.1 & 7.2, and also from Figures 7.6e & 7.6f, sample S2 revealed the best performance
among all the other samples. Hence considering S2 as the most suitable and optimum candidate

in our case, time resolved photo-response study was carried out in a comparative fashion with the
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pristine perovskite (MALI) in the ambient air by switching the lamp “ON” and “OFF” at a fixed
bias of 1V. The spectra thus obtained for MALI and S2 are shown in Figures 7.9a & 7.9b over 6
on/off cycles, along with their high-resolution images (Figure 7.9¢ & 7.9d) respectively.
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Figure 7.9: Temporal photoresponse curve of (a&b) MALI and S2; High resolution photocurrent rise
and decay curves of (c&d) MALI and S2 respectively

Table 7.2: Various photodetection performance parameters for different samples

Sample On/Off ratio Responsivity Detectivity EQE
(MA/W) D (cm\VHz/W) 1 (%)
MALI 8.66 19.8 1.44 x 101 6.1
S1 16.45 100.8 3.6 x 10t 31.3
S2 25.9 453.6 1.26 x 10*? 140.8
S3 22.75 417.6 1.08 x 10*? 134.6
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As suggested by these figures, both the samples showed excellent synchronization with the
incident light pulse with a window of light exposure for 10 s. As soon as the light is turned on,
current for both the devices sharply rises to 0.55 pA and 11.9 pA for MALI and S2 respectively.
Once the light is switched off, the current immediately falls off and settles down at 62.6 nA and
460 nA, thereby achieving their corresponding on/off ratio of 8.66 and 25.9. Now sharp response
of a photodetector is be defined in terms of rise time (trise) and decay time (tgecay) i.€. the time a
photodetector takes to rise from 10% to 90% of its maximum current and time taken by the same
to fall from 90% to 10% of the maximum current.?8] For MALI, the rise time and decay time
came to be 0.205 s and 0.502 s respectively. Besides, for S2, they came to be 0.102 s and 0.406 s
respectively. The fruitfulness of modifying the perovskite matrix by V205 nanorods are thus well
approved from these data. Whether it is larger photo current, improved responsivity, higher
on/off ratio, better detectivity, greater efficiency or faster response, the modified sample S2
proves its superiority over MALI in every aspect. Another very important feature which can
readily be inferred from Figure 7.9b is that, as time passes on, the photocurrent for S2 maintains
a steady value. But the photocurrent for MALI keeps decaying asymptotically (Figure 7.9a).
Such decay in the photocurrent may be led by the ion migration and carrier recombination.?”2l
Therefore, these effects are comparatively reduced in S2, thereby stabilizing the photocurrent.
The superior photodetection performance of S2 compared to MALI can be understood in terms

of two factors i.e. a) increased built-in potential and b) easy passage for carriers.

7.4.2. Mott-Schottky analysis and reduced carrier recombination

The improved photodetection capability of S2 can be well understood from the charge separation
of the photogenerated carriers assisted by the built-in potential developed across the sample/FTO
interface because of the equalization of the Fermi levels of the two opposite sides across the
junction. Stronger this potential, better is the charge separation.!?®! Quantitatively, the strength of
this potential can be estimated from Mott Schottky analysis i.e. the variation of the junction
capacitance as a function of a bias voltage externally applied across the junction.* The junction

capacitance C across the interface and the applied bias V can be related as given below.

1 1 kT
€2~ qEyE,NA? (V = Vbi — 7) (7.2)

Here, where q is the electronic charge, & is dielectric constant and €y denotes permittivity of free

space respectively. N and A represent carrier concentration and sample area. Vy; is the built-
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Figure 7.10: Mott-Schottky plots of (a) MALI and (b) S2; Schematic pictures of the (c) device
under illumination and (d) separation process of photogenerated charge carriers mediated by
energy barrier adjustment; Nyquist plots of () MALIand (f) S2; (g) Equivalent circuit diagram;
and (h) Schematic of charge flow through low resistive V,0s nanorods

in potential, k = Boltzmann constant and T = absolute temperature. At room temperature, kT/q =

0.026 eV. Therefore, by plotting 1/C? vs. V one can find N and Vi from the slope and x-
intercept of the graph. The linear parts in the Mott Schottky plots (Figure 7.10a & 7.10b) approve
the junction formation in the system.3! It is also obvious from these two figures that the slope of
the curve (-ve) decreases after the incorporation of V20s in the perovskite matrix. Such result
suggests p-type nature increment which in turn indicates that the movement of hole is more
facilitated than that of electron. Furthermore, from the same figure, it is also very clear that the
built-in potential formed across the FTO/sample interface increases by 0.32 V when S2 is used

instead of MALI. The collective behavior of S2 as a one single unit system can also be
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understood by looking at Figures 7.10(c&d). Under light illumination, carriers in S2 experience a
reduced energy barrier (®; — A®) where ®stands for the energy barrier across the pristine
perovskite/FTO interface and A® stands for the reduction of this interfacial energy barrier when
the pristine perovskite is modified by V20s. This barrier energy lowering leads to an additional
pull on photo-generated carriers away from the junction and restricts them to recombine. Thus
charge separation, which is a key factor in This barrier energy lowering leads to an additional
pull on photo-generated carriers away from the junction and restricts them to recombine. Thus

charge separation, which is a key factor in photodetectors, becomes much easier.

7.4.3. Easy passage for carriers

A comparative picture of the resistive behavior of the samples was drawn from the Nyquist plots
of MALI and S2 as shown in Figures 7.10(e&f) respectively. An equivalent circuit (Figure
7.10g) was also modeled for the two samples based on these two plots where Rcrand Cgeo being
the charge transfer resistance and geometric capacitance of the samples respectively. It is
observed that the fitted value of the charge transfer resistance (Rct) is 7.9 MQ and 0.3 MQ for
MALLI and S2 respectively, with zero series resistance (Rs) value for both the samples. Thus, Rct
gets lowered by 29 times for S2 with respect to the pristine MALI sample. Such a reduction in
the charge transfer resistance leads to faster transport of photogenerated carriers to the electrodes
through V205 nanorods which act like low resistance chanels for the carriers. Basically prior to
V05 nanorods addition in perovskite, photo generated carriers i.e. electron and hole reach the
electrodes after crossing several grain boundaries throughout the perovskite. As a consequence
of this, major fraction of them gets lost and recombined. On the contrary, in V205 nanorods-
perovskite system, 1D geometry of the VV2Os nanoform facilitates the transfer of photo generated
carriers. Thus, in hybrid system, movements of carriers are more channelized and effortless. This
scenario is presented with the help of a schematic diagram (Figure 7.10h) where the typical
formation of a photo-generated EHP and the path followed by carriers (red dotted line for
electron trajectory & yellow dotted line for hole trajectory) through the bulk to the electrodes are

shown.
Effect of aspect ratio on FE performance

Impacts of the length and width of the V2Os nanorods on the photodetector performance were

also checked by investigating the responsivity of two more devices based on V205 nanorods
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with different aspect ratio. Precisely, devices were fabricated using nanorods with different
length ~ 8 - 12 um and ~ 10 - 12 um and corresponding width ~ 160 - 450 nm and ~ 120 - 350
nm respectively. Device performance in terms of responsivity was plotted against length and
diameter of the nanorods (Figure 7.11). Responsivity increased monotonically with the increase
in length and decrease in diameter value. The observed trend in responsivity can be attributed to
the increased aspect ratio of the nanorods due to less resistance suffered by the carriers in their

course of channelized movement inside the materials.
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Figure 7.11: Responsivity of devices made of nanorods withvarious lengths and diameters

7.5. Environmental stability of the devices

Since the scope of application of any device relies on its real time use in regular ambient
condition, we tested the performances of the detectors MALI and S2 uncapsulated under open air
As Figure 7.12 suggests, the detectivity of the pristine MALI drops from its initial value of 1.44
x 10 Jones to 0.9 x 10! Jones after 1 month from its initial measurement, which amounts to
somewhere near 64 % retention in its performance. Beside the detectivity of S2 drops at 1.24 x
10*2 Jones from its initial reading of 1.26 x 102 Jones, which means sample S2 holds 98 % of its
detectivity even after one month. To probe the robustness of S2 under environmental water

species, we recorded the contact angles made by a water droplet placed on MALI/FTO and
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Figure 7.13: Evolution of contact angle (water) for MALland S2

S2/FTO film at different times. This temporal evolution is pictorially depicted in Figures 7.14a

and 7.14b respectively. Additionally, a graphical representation of the same is also given in

Figure 7.13 over 800 cycles which corresponds to a time duration as long as 600 s. As evident
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from Figures 7.14a and 7.14b, the initial values of the contact angles made by MALI and S2 with
the water are 34.50 (<90° and 118.00 (>90°) respectively. Thus, it reveals the hydrophobic
character of S2, in contrast to the hydrophilic nature of the pristine perovskite. Such
hydrophobicity can be accounted to the increased surface roughness of hybrid sample compared
to that of the pristine one.*233 Figures 7.15(a&b) show surface roughness of MALI and S2

simulated from ‘Image J’ software using their high resolution FESEM images.

MALI t=0:15s

118.0°
34.50 OIN 'S

(a) t=0:15s

S2

t=3:15s
29.89 95.39
.

24.20 88.6°
-

83.5¢

(¢) (d)
water water

Wenzel mode Cassie-Baxter mode

Figure 7.14: Contact angles for (a) MALI and (b) S2 at different time intervals; Schematic of the
formation of (c) Wenzel mode for MALI and (d) Cassie-Baxter mode for S2

The vertical color scales in these two figures represent z value i.e. height of the samples at
different places on the surface (i.e. XY plane). Insets in these figures show their corresponding

smoothened surface profiles. This increase in the surface roughness resulted in transition from
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Wenzel mode (Figure 7.14c) to Cassie-Baxter mode (Figure 7.14d), having a direct resemblance

with the respective contact angle images of MALI and S2 as shown in Figures 7.14a and 7.14b

respectively.[34%]

Figure 7.15: Simulated surface roughness profiles of (a) MALI and (b) S2

Table 7.3: Performance comparison of S2 with MALI

Parameters Pristine MALI S2 Achievement/Improvement

On/Off ratio 8.7 25.9 ~ 3-fold
Responsivity (mA/W) 19.8 453.6 ~ 23-fold
Detectivity (cm\VHz/W) 1.44 x 10%* 1.26 x 10%? ~ 9-fold

EQE (%) 6.1 140.8 23-fold

Rise time & decay time 025&05s 01s&04s Faster response
Retention of detectivity 64 % 98 % More stable under ambient

after 1 month condition

Wettability Hydrophilic Hydrophobic Water stable

Basically, the incorporation of V205 nanorods into perovskite matrix introduces numerous low
dimensional undulations on the sample surface. These small- scale undulations hold the water
droplet just like a lotus leaf holding a water drop in perfect rounded shape because of the
nanofibrils existing on its surface.®538 |t is to be noted that the performances of the individual
devices were already comparable to other semiconductor photodetectors reported in

literatures.3®#1 But here we emphasize more on what improvements we have achieved by
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modifying the perovskite with V.Os additives. To get a quick recap of this, the device
performance of pristine MALI in comparison with only the best sample i.e. S2 is provided
separately in Table 7.3.

7.6. Conclusion

V205 nanorods have been introduced successfully into CHsNHsPbls matrix to improve the
photodetection ability of the material. Devices were fabricated based on these samples in a cost-
effective symmetric electrode fashion. The dark and photo current-voltage characteristics, along
with the photoresponse features, were studied which proved the superiority of the modified
sample. The modified sample showed manifold improvement in the device performance in terms
of on/off ratio, responsivity, detectivity, external quantum efficiency and response times.
Equipped with Impedance spectroscopy and Mott Schottky analysis, the carrier dynamics were
probed and the improved photoresponse was ascribed to higher interfacial built-in potential,
better charge separation and the low resistive channels formation by V20s nanorods in the
CHsNHsPblz matrix. Not only that, incorporation of V20s nanorods stabilized the system as far
as the sample degradation due to ambient moisture is concerned. The hydrophobic nature in the
modified perovskite, as suggested by the contact angle measurement, has been accounted for the

increased level of surface roughness triggering a transition from Wenzel to CB mode.
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CHAPTER 8

Dielectric Study of CH3NHsPbls in RF Regime

8.1. Background of the work

Methyl ammonium lead iodide (CH3NHzsPbls) perovskite has already set its impression in the

scientific communities owing to its high absorption coefficients,!!! large carrier diffusion
lengths,’? high band gap tunability,®! cost-effective synthesis,[*®! etc. Starting from the
efficiency of 3.8%, the solar cell based upon this new class of perovskites has rapidly crossed
efficiency > 20%.I"1 Not limiting to only solar cells, the material has also established its potential
in other application aspects e.g., LEDs,® lasers,®! photodetectors,*%*2 memory devices,*34
sensors,I*®! field effect transistors,!*®! supercapacitors,'™ field emission devices,*®! etc. But in
spite of the impressive outcomes of the researches on perovskite-based solar cells and the related
optoelectronics, their commercial manifestation is way too far from a practical reality. The
devices suffer from serious degradations due to humidity and several other environmental

factors, which collectively hinder its real time applications.[%2%

Impedance spectroscopy, in this context, is an important tool to quantitatively scrutinize these
detrimental effects. In fact, due to the long-term debates on the ferroelectric character and the
associated polar phases of CHsNHsPbls,[?*?2 dielectric spectroscopy can be considered as the
most legitimate electrical characterization technique for exploring the field-dependent
polarization bottleneck of the material. We know that photovoltaics work on the principle of
separation of photo generated charge carriers. So, it’s all about how to make this charge
separation more efficient and consistent for longer period. But it is influenced by various
relaxation processes taking place inside the system. Study of the dielectric parameters e.g.
frequency-dependent capacitance, dielectric susceptance and loss helps us reveal these internal
relaxation mechanisms in adequate detail. As an example, a study on the dielectric properties of
CH3sNH3Pblz in the frequency range 42 Hz to 4.8 MHz was carried out by M.S. Sheikh et al.,
where they demonstrated distributed relaxations and suggested the presence of localized
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relaxation process.[?® Often, a hysteresis loop appears in the current-voltage characteristics,
which mimics the inferior device performance.?*-28] Study reveals that such hysteresis originates
from the capacitive effects generated by electrode polarization and ionic accumulation near the
interface.[?”?%1 From bias-dependent impedance spectroscopy, the low frequency response of
perovskite solar cells is also shown to depend upon such ionic movements.% Interfacial
decomposition induced MA™ (MA: Methylammonium i.e. CH3NHz3) vacancies act as trap centers
leading to carrier recombination and finally poor device performance.* Sometimes, it is seen
that negative capacitance (NC) has a direct correlation with device performance of perovskite
based solar cells. Francisco et al. demonstrated how presence of NC in halide perovskites

produces deleterious impacts on the device performances.?

Yet to be supported by any full proof theory, the phenomenon NC has a controversial character
in the research community. Although in ferroelectric and non-ferroelectric materials the
appearance of NC corresponds to completely different origins,®-*¢! pseudo inductance which
generally arises in the high frequency regimes can also make the capacitance value negative
sometimes."! Internal defects, vacancies, delocalized charge-carriers, etc. can also have their
additional contributions.*8 However, most of the impedance studies on these aspects in literature
are focused mainly in the low and moderate frequency regimes up to the order of a few tens of
MHz. It would be interesting to explore the underlying carrier dynamics and other aspects of
CHsNHsPblz halide perovskite by pushing this frequency limit further particularly in the radio-
frequency (RF) regime. Therefore, motivated by this ideology, here in this work, we have
performed bias-dependent impedance analysis of CH3NH3zPbls near the radio-frequency (RF)
region, keeping also in mind the influence of external electric field on carrier movement and
ultimately on the device performance. The switching of capacitance from positive to negative
values was observed and the spectra across that neighborhood of the transient frequency were
modeled with an equivalent LCR circuit. The frequency-dispersion of capacitance with negative
values, when fitted as particular functions of frequency, revealed two interplaying relaxation
mechanisms. The asymmetry in the line-shape was further modeled by the well-known Breit-
Wigner-Fano (BWF) profile and the obtained results were corroborated with density functional

theory (DFT)-based calculations.
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8.2. Device preparation and material characterizations

CH3sNH3Pblz was prepared by following the synthesis protocol mentioned in section 4.1 whereas

FTO/CH3NH3Pbls/FTO was prepared using the procedure as described in section 4.5.
8.3. Results and discussion

8.3.1. Crystallographic and microscopic study

Intensity

100 15 20 25 30 35 40 45 50 55 60
Bragg's angle 20 (degree)

Figure 8.1: (a) XRD profile and (b&c) Low and high magnification FESEM images of CH3NH3Pbl;

The exhibition of the diffraction peaks, indexed in Figure 8.1a, confirms the formation of
CHsNH3sPbls in its room temperature tetragonal phase. Good crystalline quality of the as
synthesized CH3sNHsPblsz is evident from the distinct diffraction signals [“31 along with the
polycrystalline nature of the sample. The quality of the crystals can also be checked from its
morphological studies. Upon observing under an FESEM microscope, numerous perovskite

crystals of the size of ~1 um are observed (Figures 8.1(b&c)).
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8.3.2. Elemental study: XPS
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Figure 8.2: (a) Full XPS survey scan of CH3NH3Pbls; (b-e) HR XPS spectra of C 1s, N 1s, Pb 4f
and | 3d respectively
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To investigate the constituent elements of the perovskites, surface probing by X-ray
photoelectron spectroscopy (XPS) was carried out. The charge corrected survey scan containing
all the elements indexed thereon is displayed in Figure 8.2a. The high resolution (HR) spectra of
the individual elements are also provided in Figures 8.2(b-e). The peak situated at 400.7 eV is
assigned to N 1s state of CH3sNH3Pbls. Besides, the peaks observed at 136.9 eV and 141.6 eV,
with an energy splitting of 4.7 eV, are attributed to the spin-orbit doublet of Pb 4f7, and 4fs
respectively. XPS peaks arising at 617.1 eV and 628.8 eV are associated with the spin-orbit
doublets of | 3ds/2 and 3ds2 respectively, with an observed energy gap of 11.7 eV. The results
therefore indicate the typical valence states of the constituents present in CH3sNHsPbls, in fair

accordance with the reports found in literature.[6-481

8.3.3. Impedance spectroscopy
The frequency dependent capacitance, loss-tangent, conductance, susceptance, negative

differential susceptance and associated phase angles were recorded by the impedance analyzer at
different bias voltages. As shown in Figure 8.3a, the capacitance first increases with frequency
until a critical or switching frequency (say, fc) arrives, where it abruptly switches its value from
positive to negative. In the negative regime (indicated by the shaded area in Figure 8.3a),
capacitance increases asymptotically to its saturation value C (o0). Although the capacitance here
seems to be apparently negative, it can’t be identified as NC (Negative capacitance). Capacitive

impedance, if we recall, is defined in the following way:
Xo(w) = ,%c w=2nf, j= J(=1) (8.1)

Here, f, ® and C are frequency, angular frequency and capacitance respectively. Putting a
negative value for C = -C* (say) in equation (8.1) amounts to inductive interpretation of the
system as: 1/joC = l/jo(-C*) = -1/joC* = j.j/joC* = jloC* = j(1/oC*). Therefore, for a
particular frequency, the system effectively behaves like an inductor when its familiar oL part
exceeds 1/wC*. Similarly, the phenomenon which is taking place here is actually inductive in the
disguise of NC. However, NC generally originates in the low frequency regimes.*®! But on
contrary, the figures here suggest the switching phenomena to be occurring at MHz range. Now
capacitive behavior arises in the system due to the Maxwell-Wagner polarization happening
across the sample/electrode interface and/or the dielectric peripherals inside the sample. Besides,
the inductive effect is the manifestation of the hopping of charge carriers between the localized

sites driven by an externally applied electric field.
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Figure 8.3: (a-e) Frequency dependent capacitance, tangent loss, conductance, susceptance and
negative differential susceptance plots at various DC bias voltages; (f) 4y plot of capacitance,

tangent loss, admittance and impedance phase vs. frequency at 0 DC bias voltage

It is the interplay between these two mechanisms which decides the ultimate character (if
capacitive or inductive) of the system, depending on the operating signal frequency and the
applied bias voltage. Basically, the localized charge carriers which were trapped at the defect

sites get energized and detrapped by the externally applied field at high frequency and start
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hopping from one site to another througha nonlinear path. As its consequence, what we see
macroscopically is that the inductive part dominates and the capacitance switches its sign at a
particular frequency (switching frequency). This switching is always accompanied by a sharp
peak in the tangent loss spectra which indicates the purely resistive character of the system right
at the switching frequency as the capacitive and inductive counterparts precisely balance each
other out. At that moment, the entire power delivered by the source is dissipated across the
system and undergoes a sudden Dirac delta-type loss peak (Figure 8.3b). The conductance of the
system attains a maximum as shown in Figure 8.3c. Figure 8.3d shows the frequency
dependent susceptance at different bias voltages. The switching behavior is also prominent
from the sharp transitions in susceptance plots. These transition points lead to maxima in the
negative differential susceptance plots (Figure 8.3e), which also enables to pinpoint the
critical/switching frequencies more precisely. The unbiased frequency dependent capacitance
(C), tangent loss (tan &) and the two phase-angles of admittance and impedance i.e. 6y and 6z
respectively, when presented together in a single plot, gives a beautiful representation of the
observed phenomena at a glance (Figure 8.3f). As depicted in the figure, the loss spectrum
blows up right at the frequency where the capacitance flips itssign from positive to negative

and at the same time, the two phase-angles, which are always out of phase, cross each other.

8.4. Probing the underlying relaxation mechanism

8.4.1. Double relaxation

To probe the underlying mechanism of the observed phenomenon, the negative portion of the
capacitance spectra was analyzed separately. In our findings, capacitance in their negative

regimes, when fitted, resulted into two characteristic frequencies (f1, f2) given by

C(f) = C() + Aje~fIN 4 A,e~f/T2 62

Here, f is frequency, C(f) is frequency dependent capacitance in negative regime, C() is the
limiting value of C(f) as f — oo (henceforth, saturation capacitance), A1 and Az are the strengths
of these two relaxation modes f1 and f. respectively. As can be seen from Figure 8.4a, the
experimental data fitted well with the double relaxation model described by equation (8.2).
Similar to the case with no bias voltage, other data also fitted very well under the application of

bias voltages up to 4 V (Figure 8.5a). The fitted results for different bias voltages are tabulated in
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Table 8.1. The existence of more than one relaxation is not a new phenomenon to us. According

to the familiar Debye relaxation model, capacitance varies with frequency as: C(w) = C(o0) +

AC
1+ w?c?

where AC = C(o) — €(0), T stands for the relaxation time and C(0) represents the dc
limiting value of C(w) as w — 0 i.e. static capacitance. But this model is based on the
assumption of the presence of identical dipoles. Such idealistic scenario is rarely encountered in
practice. Hence the actual capacitance of materials deviates from this relationship and several
oscillating channels come into the picture instead of one single kind. Sometimes, these
oscillators possess distributive nature. The usual Cole-Cole model very elegantly reveals such

distributive character of the localized carrier relaxation processes. (%!

Table 8.1: Double relaxation fitting parameters at different bias voltages

Bias voltage A1 f1 A2 x 107 f2 (MHz) C(0) fo:fa
V) (MHz) (PF)
0 -2.10 1.98 -8.51 11.62 -13.7 5.87
0.5 -2.10 1.98 -8.51 11.62 -13.7 5.87
1 -4.26 1.95 -9.88 11.45 -14.3 5.87
1.5 -4.95 1.90 -9.71 11.30 -14.1 5.95
2 -5.42 1.89 -9.84 11.28 -14.1 5.96
2.5 -5.52 1.89 -9.87 11.26 -14.1 5.96
3 -5.60 1.89 -9.89 11.26 -14.1 5.96
3.5 -5.25 1.89 -9.80 11.27 -14.1 5.97
4 -13.45 1.82 -10.86 11.03 -14.4 6.10

We have also come across two relaxation processes in the kHz frequency regime due to fast
rotation of methylamine groups inside the Pbls cage, where the two relaxations are ascribed to
longitudinal and transverse types.®® Distribution in relaxation times of the order of
microseconds is also seen to arise because of the recombination of electrons and holes trapped in
localized sites through tunneling.51 Considering all these previous works, we suggest, in our
case, these two frequencies (f1, f2) to be arising from the two aforesaid relaxation processes i.e.
Maxwell-Wagner interfacial polarization leading to the capacitive effect and the detrapped
carrier induced polarization leading to the inductive effect, respectively.’? Attributing the

capacitive and inductive effects to f1 and f, respectively and not the other way round as f2 and fi,

can be understood by the inertia of the respective oscillators. The dipoles involved in the
capacitive process mainly consist of bound charge systems which are obviously heavier to
respond quickly to the external perturbation signal, while the polarization in the inductive

process is developed from the detrapped carriers which are free in the sense that they can tunnel
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out of their individual potential wells. Naturally the oscillators involved in the latter case are
much lighter and hence oscillate with comparatively higher frequency. Taking the reciprocals of
these frequencies, the relaxation times (t1, t2) of the oscillations for all the bias voltages came to
be in the order of microseconds for fi and sub-microseconds for f.. For example, at no bias
condition, (t,, t,) = (f, f)* = (1.98 MHz, 11.62 MHz) = (0.505 s, 0.086 ps) (values taken from
Table 8.1). Both these time scales indicate slow dynamics of the carriers which is very crucial for

perovskite materials particularly in connection with its photovoltaic applications.

Hindered charge separation and slow recombination rates result into inferior device qualities e.g.
extremely slow response in photoconductivity® and small open circuit voltage in solar cells.[
In this context, various aspects e.g. slow adjustment of the inorganic Pble cage around the field
aligned MA* ions,[53%1 electron-phonon scattering,® coupled ionic-electronic model, "]
interfacial charge recombination and dielectric relaxation, carrier accumulation due to ionic
movement near the interfacest™ are reported by researchers. The saturation capacitance, on the

other hand, came to be -13.7 pF when there is no bias applied.

8.4.2. Breit-Wigner-Fano (BWF) anti-resonance
The bias-dependent ac susceptance (Figure 8.3d), which reshapes due to the mutually competing
mechanisms associated with the capacitive and inductive behavior, was further analyzed using

BWF (Breit-Wigner-Fano) anti-resonance model as defined below.

H(1+ M)2

qw

Bf = By + ———
YT

(8.3)

Here, f, B, Bo, H, f;, w and q represent frequency, susceptance, base, height, centre/switching
frequency, line-width and asymmetry parameter of the line shape respectively. As q — oo, the
line shape takes the symmetric BW or Lorentzian structure, whereas q — 1 results in the
asymmetric Fano resonance type character. BWF anti-resonance is therefore a combined effect
of two distinctive resonance schemes, i.e. Breit-Wigner and Fano resonance structures in the
same energy or frequency window whatever, with negative q value. Now Fano resonance
typically takes place whenever a rapidly varying resonant process (excitation of a discrete state)
interferes with a slowly varying direct or background process (continuum of states). The
asymmetry parameter ¢ basically measures how strongly these two processes are coupled to each

other. Far from the resonant energy, the process is dominated by the direct scattering process.
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In this work, we also have two such processes, i.e. capacitive and inductive. The capacitive behavior
arising due to the Maxwell-Wagner polarization can be treated as a continuum, whereas the
inductive effect due to the hopping of charge carriers plays the role of discrete state in the system.
As evident from Figure 8.5b, the susceptance spectra under different bias voltages showed excellent
fitting with the BWF profileiscrete state) interferes with a slowly varying direct or background

process (continuum of states).

o fitted curve
MALI @ 0 V

0.02

-0.02

10 20 30 40 50 60 70 80
f (MHz)

Figure 8.6: Fitting of frequency dependent susceptance at 0 DC bias

From the fitted data of BWF profile (Table 8.2), it is observed that all the spectra have identical g
value equal to -1.23. Now q being a measure of the strength of the discrete resonant state over
the continuum one, its value greater than 1 in magnitude indicates that the inductive effect
dominates over the capacitive one. The identical g value for all the different bias voltages further
reveals that the asymmetry of the line shapes and the way the two resonance structures interfere

doesn’t change.
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Table 8.2: BWEF fitting parameters at different bias voltages

Bias (V) Bo (MS) fc (MH2z) H (mS) w (MHz) q
0 -21.482 42.493 21.444 7.796 -1.23
0.5 -21.359 42.294 21.352 7.845 -1.23
1 -21.355 42.288 21.350 7.966 -1.23
15 -21.351 42.281 21.345 7.968 -1.23
2 -21.350 42.274 21.343 7.970 -1.23
2.5 -21.293 42.254 21.310 7.972 -1.23
3 -21.290 42.252 21.307 7.972 -1.23
3.5 -20.793 42.082 20.692 8.013 -1.23
4 -20.613 42.075 20.565 8.292 -1.23

8.5. Bias dependency: Existence of upper threshold

A graphical analysis of (f1, f2) as a function of the externally applied bias (Figure 8.7a) deploys
similar decreasing trends for both these frequencies with increase in the bias voltage. By
increasing voltage from 0 to 4V, the frequency of the 1% relaxation drops from 1.98 to 1.82 MHz,
whereas that of the 2" one decreases from 11.62 to 11.03 MHz, indicating a larger shift in f, of
0.59 MHz in comparison with that in f, of 0.16 MHz. Therefore, we see that the 2" oscillator is
more sensitive to the external bias compared to the 1% one. This is not peculiar since the 1%
oscillator, as we have already identified it with Maxwell-Wagner polarization, deals with the
grain cores, their boundaries and the interfacial regions. The material being polycrystalline in
nature, the collective capacitive behavior of these grains undergoes hardly any net change with
the application of an external bias. In contrast, the 2" oscillator which represents the inductive
behavior of the material shows prominent response to the external bias because of the field
dependency of the detrapped carriers. The trap centers or point-defect sites are essentially
potential wells, within which the carriers are confined. If sufficiently energized by applying
some external electric field, these carriers tunnel out of those wells and hop throughout. The
polarization effect generated by this hopping is proportional to the number of field-activated
carriers, which are in turn proportional to the strength of the externally applied dc bias. The
externally applied bias also modifies the interfacial built-in potential developed due to ion
accumulation.® Therefore as the external bias strengthens, the trapped carriers take less energy
to come out of their trap centers or potential wells. The fall in this energy demand reflects in the
lowering of f2 with increasing bias voltage. Similar decreasing trend in the switching frequency

fc is also seen with the increase in bias voltage (Figure 8.7b).
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Figure 8.7: Plots of fitting parameters i.e. (a) f; and f, and (b)f. and w at various DC bias
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The reason behind this red shift of fc is again the same. With increasing strength of the external
bias, greater number of carriers gets detrapped from their trap centers, whereas the Maxwell-
Wagner polarization which leads to capacitive effect remains almost unaltered with the
application/increase in external bias. So, with increased bias, the inductive effect overweighs the
capacitive one more easily and thereby scales down the switching frequency to lower values. The
variation of BWF line width w against the applied bias voltages is also depicted in Figure 8.7b. It
suggests that w, which basically defines the region of interplay of the BWF antiresonance
between the two relaxations, increases with the increase in bias voltage. Hence applying an
external dc bias in the system effectively makes the two types of oscillators interact over broader
frequency range. The behavior of fi, f2, fc and w with external bias were further examined by
breaking them into three distinct areas i.e. l-active region, Il-equilibrium region and IlI-
breakdown region, as marked out in Figures 8.7(a&b). In the active region (l), the oscillators
respond to the external bias and their frequencies keep on changing accordingly. However, such
response is not always immediate. A closer look on the region | of Figure 8.7a shows that the
kinetics of both the oscillators remains undisturbed until a certain threshold voltage (1 V in our
case) is applied in thesystem. The system needs a minimum energy to trigger the processes on-
just like a car standing still on road requires an initial power to drive its engine on. Overcoming
this threshold, gradual lowering of the frequencies is observed and then at a certain voltage (1 to
1.5 V in our case) we enter the equilibrium region (I) where the polarizations reach to
equilibrium and go on oscillating with a particular frequency. Increase in voltage has no effect
on the oscillatory motions in this region. However, further strengthening of the bias voltage leads
to the breakdownregion (I11) and an upper limit (4V in our case) of the bias voltage appears. The
presence of such upper limits of the bias voltage in electrical measurements is quite natural to
occur. Above a particular bias, the delocalized/detrapped carriers become high enough to rupture
the sample by impact ionization, and finally the sample loses its true semiconducting or

insulating nature and becomes an irreversible conductor!

8.6. The equivalent circuit
A device with metal-insulator-metal (MIM) configuration can be modeled as an equivalent LCR

circuit.®”! The same goes for our device as well. The simulated spectra of C and tan & (Figures
8.8a and 8.8b) fitted well with the observed experimental data. However, a little discrepancy

arises in the low frequency regimes of the spectra. This is quite natural since the simulation is
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Figure 8.8: Simulated spectra of (a) ac capacitance and (b)tangent loss at 0 DC bias

generally based on the assumption that the sample is a pure crystal. But in practice, there are

defects and impurities inside the sample. The simulated spectra can be associated with equivalent

circuit with a certain set of LCR parameters. Therefore, the device can effectively be defined in

terms of an (L, C, R) triplet i.e. (181 nH, 63 pF, 23 ), as obtained in no bias case. Such low

inductance value allows the device to be applied as a decoupling capacitor for RF signals.

Similar application possibility from oxide perovskite fabricated as MIM (metal- insulator-metal)
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structure on Si substrate was also indicated by Emmanuel and his group.[®™ Also called a bypass
capacitor, this kind of devices is generally used to decouple a particular segment of an electrical
circuit from AC signals or sudden voltage surge on a power source. All the unwanted signals are
readily shunt right to the ground without affecting the sub-circuit to be protected, whereas the
DC part being blocked by the capacitor continues to flow on to the decoupled part of the circuit.
Having met the criterion of small inductance and series resistance for a decoupling capacitor, the
CHsNHsPblz based MIM device developed in our study directs to the application possibility of

this material as a RF decoupler.

8.7. First principle studies

First principles calculations Vienna ab-initio simulation package (VASP) [ 40 were carried out
to gain further insight into the phenomena observed experimentally. The band structure of MALI
calculated within generalized gradient approximation (GGA) and projected augmented wave
(PAW) approach®! is shown in Figure 8.9a, with the exchange- correlation part of the energy
Hamiltonian approximated by Perdew—Burke—Ernzerhof (PBE) functional.[l The correction due
to dispersive forces was also taken into account during structural relaxation using the PBE+D2
(Grimme’s) method™®! as implemented in the VASP. It is prominent from the band structure that
MALLI is a direct band gap semiconductor (Eq = 1.54 e¢V) with both VBM and CBM at the T’
point. Figure 8.9b represents the plot of electron localization function (ELF) where the blue color
indicates the isosurface value 0 (min) and red indicates 0.9. The maximum of the isosurface
value was set at 0.9. Higher ELF value corresponds to more localized electrons. The localized
bond pairs in the C-N bond are visible from this plot. The spherical distribution of the ELF
isosurface around ‘Pb’ readily reveals that all the Pb-I bonds are equivalent. It is also depicted
from this plot that electrons are more localized near ‘Pb’ atom compared to the ‘I’ atoms,
although halide ions have higher electron affinity. This manifests that the iodine atoms are not
fixed in the crystal and can migrate through-out the system. As a result, the delocalization of the
detrapped carriers and corresponding hopping mechanism become inevitable. Mulliken charge
analysis, performed using the Cambridge serial total energy package (CASTEP) code,!4
represented in Figure 8.9c for a (2x2x1) supercell, is in agreement with the as-elaborated

perception too.
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Figure 8.9: (a) Calculated energy band diagram; (b) ELF isosurface plot and (c) Mulliken charge
distribution of CH3NH3Pbl;

8.8. Conclusion

Bias-dependent high frequency impedance analysis of Methyl ammonium lead iodide
(CH3NHzsPbls) was performed. Apparent NC was identified as switching of capacitance to
inductive mode, which was further probed with two coexisting relaxations. The asymmetric
susceptance plot followed BWF anti-resonance line shape. The device under investigation, being
MIM type, was effectively described by an equivalent LCR circuit. The underlying mechanisms
governing Maxwell-Wagner interfacial polarization and delocalized carrier hopping-based
polarization are found to be competing mutually through-out the frequency-dispersions, which
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are concluded by fitting the obtained data manifesting a number of models. The experimentally

obtained results are finally corroborated with theoretical study using energy band diagram,

electron localization function and Mulliken charge distribution. In brief, the work mainly

highlights the dielectric behavior of CH3NHsPblz in RF regime and identifies two mutually

interfering mechanisms as the cause of capacitive switching which led to pseudo inductive effect.

The study also depicts the impact of external bias upon the behavior of these oscillating

channels. Looking beyond the trivial photovoltaic applications of halide perovskites, the work

indicates that the device could be used as a decoupling capacitor too.

References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

Phillips L J, Rashed A M, Treharne R E, Kay J, Yates P, Mitrovic | Z, Weerakkody A,
Hall S and Durose K 2016 Maximizing the optical performance of planar
CH3NH3Pblz hybrid perovskite heterojunction stacks Sol. Energy Mater Sol. Cells 147
327-333
Dong Q, Fang Y, Shao Y, Mulligan P, Qiu J, Cao L and Huang J 2015 Electron-hole
diffusion lengths > 175 um in solution-grown CH3NHz3Pbls single crystals Sci. 347 967—
970
D’Innocenzo V, Kandada A R S, Bastiani M D, Gandini M and Petrozza A 2014 Tuning
the Light Emission Properties by Band Gap Engineering in Hybrid Lead Halide
Perovskite J. Am. Chem. Soc. 136 17730-17733
Jia X, Hu Z, Zhu Y, Weng T, Wang J, Zhang J and Zhu Y 2017 Facile synthesis of
organic—inorganic hybrid perovskite CHsNHsPbls microcrystals J. Alloys Compd. 725
270-274
Zhang Y, Kim S G, Lee D K and Park N G 2018 CHsNHsPblz and
HC(NH2)2Pbls Powders Synthesized from Low-Grade Pbl.: Single Precursor for High-
Efficiency Perovskite Solar Cells ChemSusChem 11 1813 —-1823
Li X, Li L, Ma Z, Huang J and Ren F 2017 Low-cost synthesis, fluorescent properties,
growth mechanism and structure of CH3sNH3Pblz with millimeter grains Optik 142 293-
300
Park N G 2015 Perovskite solar cells: an emerging photovoltaic technology Mater. Today
18 65-72

172


https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/article/pii/S0927024815005188#!
https://www.sciencedirect.com/science/journal/09270248
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Zhang%2C%2BYong
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kim%2C%2BSeul-Gi
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lee%2C%2BDo-Kyoung
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Park%2C%2BNam-Gyu
https://www.sciencedirect.com/science/article/pii/S0030402617306551?casa_token=7BnJGR1qd_QAAAAA%3A5XkZ3fQQBsXVcRTXfiSPpclUR6sEJSOrPlwMw1-srJbJEJirzxJhB56D9F7xEaBhMrYEzraSPg&!
https://www.sciencedirect.com/science/article/pii/S0030402617306551?casa_token=7BnJGR1qd_QAAAAA%3A5XkZ3fQQBsXVcRTXfiSPpclUR6sEJSOrPlwMw1-srJbJEJirzxJhB56D9F7xEaBhMrYEzraSPg&!
https://www.sciencedirect.com/science/article/pii/S0030402617306551?casa_token=7BnJGR1qd_QAAAAA%3A5XkZ3fQQBsXVcRTXfiSPpclUR6sEJSOrPlwMw1-srJbJEJirzxJhB56D9F7xEaBhMrYEzraSPg&!
https://www.sciencedirect.com/science/article/pii/S0030402617306551?casa_token=7BnJGR1qd_QAAAAA%3A5XkZ3fQQBsXVcRTXfiSPpclUR6sEJSOrPlwMw1-srJbJEJirzxJhB56D9F7xEaBhMrYEzraSPg&!
https://www.sciencedirect.com/science/article/pii/S0030402617306551?casa_token=7BnJGR1qd_QAAAAA%3A5XkZ3fQQBsXVcRTXfiSPpclUR6sEJSOrPlwMw1-srJbJEJirzxJhB56D9F7xEaBhMrYEzraSPg&!
https://www.sciencedirect.com/science/journal/00304026
https://www.sciencedirect.com/science/journal/00304026/142/supp/C

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

Wang M, Shi Y, Bian J, Dong Q, Sun H, Liu H, Luo Y and Y Zhang 2016
Electroluminescence from perovskite LEDs with the structure of Ag/Spiro-
OMeTAD/CH3NH3Pbla/TiO2/FTO Chem. Phys. Lett. 662 176-181

Li P, Chen Y, Yang T, Wang Z, Lin H, Xu Y, Li L, Mu H, Shivananju B N, Zhang Y,
Zhang Q, Pan A, Li S, Tang D, Jia B, Zhang H and Bao Q 2017 Two-Dimensional
CHsNH3Pblz Perovskite Nanosheets for Ultrafast Pulsed Fiber Lasers ACS Appl. Mater.
Interfaces 9 12759-12765

Gao L, Zeng K, Guo J, Ge C, Du J, Zhao Y, Chen C, Deng H, He Y, Song H, Niu G and
Tang J 2016 Passivated Single-Crystalline CHsNHsPbls Nanowire Photodetector with
High Detectivity and Polarization Sensitivity Nano Lett. 16 74467454

Zhang Y, Du J, Wu X, Zhang G, Chu Y, Liu D, Zhao Y, Liang Z and Huang J 2015
Ultrasensitive Photodetectors Based on Island-Structured CHsNH3sPblz Thin Films ACS
Appl. Mater. Interfaces 7 21634-21638

Liu Y, Li F, Veeramalai C P, Chen W, Guo T, Wu C and Kim T W 2017 Inkjet-Printed
Photodetector Arrays Based on Hybrid Perovskite CH3NHsPbls Microwires ACS Appl.
Mater. Interfaces 9 11662—11668

Sun Y, Tai M, Song C, Wang Z, Yin J, Li F, Wu H, Zeng F, Lin H and Pan F 2018
Competition between Metallic and Vacancy Defect Conductive Filaments in a
CH3NH3Pblz-Based Memory Device J. Phys. Chem. C 122 6431-6436

Yoo E J, Lyu M, Yun J H, Kang C J, Choi Y J and Wang L 2015 Memory Devices:
Resistive Switching Behavior in Organic—Inorganic Hybrid CHaNH3Pbls—« Clx Perovskite
for Resistive Random Access Memory Devices Adv. Mater. 27 6303

Kakavelakis G, Gagaoudakis E, Petridis K, Petromichelaki V, Binas V, Kiriakidis G and
Kymakis E 2018 Solution Processed CHsNH3sPbl;—<Clx Perovskite Based Self-Powered
Ozone Sensing Element Operated at Room Temperature ACS Sens. 3 135-142

K. Agrawal, V. Gupta and S. S. Rajput, Metal-CH3NH3sPblz-Metal Tunnel FET, IEEE
Trans. on Electron Devices, 2018, 65, 1902 — 1909.

Slonopas A, Ryan H and Norris P 2019 Ultrahigh energy density CHsNH3zPbls perovskite
based supercapacitor with fast discharge Electrochim. Acta 307 334-340

Besra N, Pal S, Das B K and Chattopadhyay K K 2017 Perovskites beyond photovoltaics:
field emission from morphology-tailored nanostructured methylammonium lead triiodide

Phys. Chem. Chem. Phys. 19 26708-26717
173


https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/article/pii/S000926141630714X?casa_token=Xiz-0GOv-QwAAAAA%3AXbywY0vCDQGKWD1GgAtFCtu3H5udQ6AYA6-mpyESizkp4bdBD0yCpqTx2YMMRKOeWDYU4sy7zw&!
https://www.sciencedirect.com/science/journal/00092614
https://www.sciencedirect.com/science/journal/00092614/662/supp/C
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Pengfei%2B%2BLi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Bannur%2BNanjunda%2B%2BShivananju
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yupeng%2B%2BZhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Qinglin%2B%2BZhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Anlian%2B%2BPan
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Shaojuan%2B%2BLi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Dingyuan%2B%2BTang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Baohua%2B%2BJia
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Han%2B%2BZhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Qiaoliang%2B%2BBao
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Liang%2B%2BGao
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kai%2B%2BZeng
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jingshu%2B%2BGuo
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Cong%2B%2BGe
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jing%2B%2BDu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yang%2B%2BZhao
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Chao%2B%2BChen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Hui%2B%2BDeng
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yisu%2B%2BHe
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Haisheng%2B%2BSong
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Guangda%2B%2BNiu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jiang%2B%2BTang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yin%2B%2BZhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Juan%2B%2BDu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Xiaohan%2B%2BWu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Guoqian%2B%2BZhang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yingli%2B%2BChu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Dapeng%2B%2BLiu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yixin%2B%2BZhao
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ziqi%2B%2BLiang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jia%2B%2BHuang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yoo%2C%2BEun%2BJi
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Lyu%2C%2BMiaoqiang
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yun%2C%2BJung-Ho
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Kang%2C%2BChi%2BJung
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Choi%2C%2BYoung%2BJin
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wang%2C%2BLianzhou
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=16
https://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=16
https://www.sciencedirect.com/science/article/pii/S0013468619306553?casa_token=M362JOOyRiwAAAAA%3AWTn6lY9SEuxnMghtDx-F0ZPFQHRwGNCB7uQqk-tPLA7iP8LD5PYiJRmDBRZmkqMB4qNnfJTIDw&!
https://www.sciencedirect.com/science/article/pii/S0013468619306553?casa_token=M362JOOyRiwAAAAA%3AWTn6lY9SEuxnMghtDx-F0ZPFQHRwGNCB7uQqk-tPLA7iP8LD5PYiJRmDBRZmkqMB4qNnfJTIDw&!
https://www.sciencedirect.com/science/journal/00134686/307/supp/C
https://pubs.rsc.org/en/results?searchtext=Author%3ANripen%20Besra
https://pubs.rsc.org/en/results?searchtext=Author%3AShreyasi%20Pal
https://pubs.rsc.org/en/results?searchtext=Author%3ABikram%20Kumar%20Das
https://pubs.rsc.org/en/results?searchtext=Author%3AKalyan%20Kumar%20Chattopadhyay

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

Yang J, Siempelkamp B D, Liu D and Kelly T L 2015 Investigation of
CHsNH3Pblz Degradation Rates and Mechanisms in Controlled Humidity Environments
Using in Situ Techniques ACS Nano 9 1955-1963

Shirayama M, Kato M, Miyadera T, Sugita T, Fujiseki T, Hara S, Kadowaki H, Murata
D, Chikamatsu M and Fujiwara H 2016 Degradation mechanism of CHsNH3Pbls
perovskite materials upon exposure to humid air J. Appl. Phys. 119 115501

Sharada G, Mahale P, Kore B P, Mukherjee S, Pavan M S, De C, Ghara S, Sundaresan
A, Pandey A,Row T N G and Sarma D D 2016 Is CHsNH3sPbls Polar? J. Phys. Chem.
Lett. 7 24122419

Fan Z, Xiao J, Sun K, Chen L, Hu Y, Ouyang J, Ong K P, Zeng K and Wang J 2015
Ferroelectricity of CHsNHsPblz Perovskite J. Phys. Chem. Lett. 6 1155-1161

Sheikh M S, Sakhya A P, Dutta A and Sinha T P 2017 Dielectric relaxation of
CHsNH3Pbl3 thin film Thin Solid Films 638 277281

Heo JH, You M S, Chang M H, Yin W, Ahn T K, Lee S J, Sung S J, KimD H and Im S
H 2015 Hysteresis-less mesoscopic CH3NH3zPbls perovskite hybrid solar cells by
introduction of Li-treated TiO> electrode Nano Energy 15 530-539

Shen H, Jacobs D A, Wu Y, Duong T, Peng J, Wen X, Fu X, Karuturi S K, White T
P, Weber K and Catchpole K R 2017 Inverted Hysteresis in CH3NH3Pbls Solar Cells:
Role of Stoichiometry and Band Alignment J. Phys. Chem. Lett. 8 2672-2680

Wu B, Fu K, Yantara N, Xing G, Sun S, Sum T C and Mathews N 2015 Charge
Accumulation and Hysteresis in Perovskite-Based Solar Cells: An Electro-Optical
Analysis Adv. Energy Mater. 5 1500829

Chen B, Yang M, Zheng X, Wu C, Li W, Yan Y, Bisquert J, Belmonte G G, Zhu K and
Priya S 2015 Impact of Capacitive Effect and lon Migration on the Hysteretic Behavior
of Perovskite Solar Cells J. Phys. Chem. Lett. 6 4693—4700

Contreras L, Idigoras J, Todinova A, Salado M, Kazim S, Ahmad S and Anta J A 2016
Specific Cation Interactions as the Cause of Slow Dynamics and Hysteresis in Dye and
Perovskite Solar Cells: a Small-Perturbation Study Phys. Chem. Chem. Phys. 18 31033-
31042

Edmands J B, Eperon G E, Johnson R D, Snaith H J and Radaelli P G 2015 Non-
ferroelectric nature of the conductance hysteresis in CH3NH3Pblz perovskite-based

photovoltaic devices Appl. Phys. Lett. 106 173502
174


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jinli%2B%2BYang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Braden%2BD.%2B%2BSiempelkamp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Dianyi%2B%2BLiu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Timothy%2BL.%2B%2BKelly
https://pubs.acs.org/doi/10.1021/acs.jpclett.6b00803
https://pubs.acs.org/doi/10.1021/acs.jpclett.5b00389
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Heping%2B%2BShen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Daniel%2BA.%2B%2BJacobs
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yiliang%2B%2BWu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=The%2B%2BDuong
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jun%2B%2BPeng
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Xiaoming%2B%2BWen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Xiao%2B%2BFu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Siva%2BK.%2B%2BKaruturi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Thomas%2BP.%2B%2BWhite
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Thomas%2BP.%2B%2BWhite
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Klaus%2B%2BWeber
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Kylie%2BR.%2B%2BCatchpole
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Wu%2C%2BBo
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Fu%2C%2BKunwu
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Yantara%2C%2BNatalia
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Xing%2C%2BGuichuan
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sun%2C%2BShuangyong
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Sum%2C%2BTze%2BChien
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Mathews%2C%2BNripan

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Yadav P, Prochowicz D, Saliba M, Boix P P, Zakeeruddin S M and Grétzel M 2017
Interfacial Kinetics of Efficient Perovskite Solar Cells Crystals 7 252

Pant N, Kulkarni A, Yanagida M, Shirai Y, Miyasaka T and Miyano K 2019
Investigating the Growth of CH3NH3sPblz Thin Films on RF-Sputtered NiOx for Inverted
Planar Perovskite Solar Cells: Effect of CH3NHs" Halide Additives versus CHaNHz"
Halide Vapor Annealing Adv. Mater. Interfaces 1901748

Santiago F F, Kulbak M , Zohar A , Pelarda M V, Hodes G, Cahen D and Seré | M 2017
Deleterious Effect of Negative Capacitance on the Performance of Halide Perovskite
Solar Cells ACS Energy Lett. 2 2007-2013

Khan A, Chatterjee K and Wang B 2015 Negative capacitance in a ferroelectric capacitor
Nat. Mater. 14 182-186

Zubko P, Wojdet J, Hadjimichael M, Pena S F, Sené A , Luk’yanchuk | , Triscone J M
and Ifiiguez J 2016 Negative capacitance in multidomain ferroelectric superlattices
Nature 534 7608

Bhattacharjee S, Banerjee A, Mazumder N, Chanda K, Sarkar S and Chattopadhyay K K
2020 Negative capacitance switching in size-modulated FesOs nanoparticles with
spontaneous non-stoichiometry: confronting its generalized origin in non-ferroelectric
materials Nanoscale 12 1528-1540

Mazumder N, Mandal P, Roy R, Ghorai U K, Saha S and Chattopadhyay K K 2017
Negative capacitance in ZnO:1.xChx (Ch= S, Se, Te): Role of localized charge
recombination J. Appl. Phys. 121 135702

Emmanuel D, Floria B, Christophe B, Charles F, Baptiste D J, Laurent L and Ludivine G
2004 Integrated MIM Perovskite Capacitors for RF Applications Integr. Ferroelectr. 66
231-242

Mitra D, Bhattacharjee S, Mazumder N, Das B K, Chattopadhyay P and Chattopadhyay
K K 2020 Strain-induced partial phase transition in TiO2 nanoparticles manifesting
frequency dispersive pseudo-inductive switching of capacitance Ceram. Int. 46 20437-
20447

Kresse G and Hafner J 1993 Ab initio molecular dynamics for liquid metals Phys. Rev. B
47 558-561

Kresse G and Hafner J 1994 Ab initio molecular-dynamics simulation of the liquid-

metal-amorphous-semiconductor transition in germanium Phys. Rev. B 49 14251-14269
175


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Francisco%2B%2BFabregat-Santiago
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Michael%2B%2BKulbak
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Arava%2B%2BZohar
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Marta%2B%2BVall%C3%A9s-Pelarda
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Gary%2B%2BHodes
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=David%2B%2BCahen
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Iv%C3%A1n%2B%2BMora-Ser%C3%B3
https://www.researchgate.net/scientific-contributions/28361118_A_Sene
https://www.researchgate.net/scientific-contributions/82799411_I_Lukyanchuk
https://www.researchgate.net/profile/Jorge_Iniguez6
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.49.14251
https://journals.aps.org/prb/abstract/10.1103/PhysRevB.49.14251

[41]
[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Blochl P E 1994 Projector augmented-wave method Phys. Rev. B 50 17953-17979
Perdew J P, Burke K and Ernzerhof M 1996 Generalized Gradient Approximation Made
Simple Phys. Rev. Lett. 77 3865-3868

Grimme S 2006 Semiempirical GGA-type density functional constructed with a long-

range dispersion correction J. Comput. Chem. 27 1787-1799
Segall M, Lindan P J, Probert M J, Pickard C, Hasnip P, Clark S and Payne M 2002 First-

principles simulation: ideas, illustrations and the CASTEP code J. Phys. Condens. Matter
14 2717-2744

Sewvandi G A, Hu D, Chen C, Ma H, Kusunose T, Tanaka Y, Nakanishi S and Feng Q
2016 Antiferroelectric-to-Ferroelectric Switching in CH3NH3zPblz Perovskite and Its
Potential Role in Effective Charge Separation in Perovskite Solar Cells Phys. Rev. Appl.
6 024007

Ahmad Z, Najeeb M A, Shakoor R A, Alashraf A, Al-Muhtaseb S A, Soliman A and
Nazeeruddin M K 2017 Instability in CH3NH3Pbls perovskite solar cells due to elemental
migration and chemical composition changes Sci. Rep. 7 15406

Li Y, Xu X, Wang C, Ecker B, Yang J, Huang J and Gao Y 2017 Light-Induced
Degradation of CHsNH3sPbls Hybrid Perovskite Thin Film J. Phys. Chem. C 121 3904—
3910

Naumkin A V, Kraut-Vass A, Gaarenstroom S W and Powell C J 2012 NIST Standard
Reference Database 20, NIST, Gaithersburg, Md, USA Version 4.1

Ershov M, Liu H, Li L, Buchanan M, Wasilewski Z and Jonscher A K 1998 Negative
capacitance effect in semiconductor devices IEEE Trans. Electron Devices 45 2196—
2206

Roiland C, Allard G T, Jemli K, Alonso B, Ameline J C, Gautier R, Bataille T, Pollés L
L, Deleporte E, Even J and Katan C 2016 Multinuclear NMR as a Tool for Studying
Local Order and Dynamics in CH3NHsPbX3 (X = Cl, Br, 1) Hybrid Perovskites Phys.
Chem. Chem. Phys. 18 27133-27142

Saxena R, Kumar A, Jain N, Kumawat N K, Narasimhan K L and Kabra D 2018
Photophysical Model for Non-Exponential Relaxation Dynamics in Hybrid Perovskite
Semiconductors J. Phys. Chem. C 122 1119-1124

Wang C C, Liu G Z, He M and Lu H B 2008 Low-frequency negative capacitance in

Lao.sSro.2MnOs/Nb-doped SrTiOz heterojunction Appl. Phys. Lett. 92 052905
176


https://journals.aps.org/prb/abstract/10.1103/PhysRevB.50.17953
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.3865
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.77.3865
https://pubmed.ncbi.nlm.nih.gov/?term=Roiland%2BC&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Tripp%C3%A9-Allard%2BG&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Jemli%2BK&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Alonso%2BB&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Ameline%2BJC&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Gautier%2BR&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Bataille%2BT&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Le%2BPoll%C3%A8s%2BL&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Deleporte%2BE&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Even%2BJ&cauthor_id=27722277
https://pubmed.ncbi.nlm.nih.gov/?term=Katan%2BC&cauthor_id=27722277
https://pubs.acs.org/doi/10.1021/acs.jpcc.7b11503
https://pubs.acs.org/doi/10.1021/acs.jpcc.7b11503

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Gottesman R, Haltzi E, Gouda L, Tirosh S, Bouhadana Y, Zaban A, Mosconi E and
Angelis F D 2014 Extremely Slow Photoconductivity = Response of
CHsNH3Pblz Perovskites Suggesting Structural Changes under Working Conditions J.
Phys. Chem. Lett. 5 2662-2669

Mohammadian N, Moshaii A, Alizadeh A, Gharibzadeh S and Mohammadpour R 2016
Influence of Perovskite Morphology on Slow and Fast Charge Transport and Hysteresis
in the Perovskite Solar Cells J. Phys. Chem. Lett. 7 4614-4621

Sanchez R S, Pedro V G, Lee J W, Park N G, Kang Y S, Sero | M and Bisquert J 2014
Slow Dynamic Processes in Lead Halide Perovskite Solar Cells, Characteristic Times and
Hysteresis J. Phys. Chem. Lett. 5 2357-2363

Zheng F, Tan L Z, Liu S and Rappe A M 2015 Rashba Spin—Orbit Coupling Enhanced
Carrier Lifetime in CH3NH3Pbls Nano Lett. 15 7794-7800

Pockett A, Eperon G E, Sakai N, Snaith H J, Peter L M and Cameron P J 2017
Microseconds, milliseconds and seconds: deconvoluting the dynamic behavior of planar
perovskite solar cells Phys. Chem. Chem. Phys. 19 5959-5970

Pascoe A R, Duffy N W, Scully A D, Huang F and Cheng Y B 2015 Insights into Planar
CH3sNH3Pblz Perovskite Solar Cells Using Impedance Spectroscopy J. Phys. Chem. C
119 4444-4453

Contreras L, ldigoras J, Todinova A, Salado M, Kazim S, Ahmad S and Anta J A 2016
Specific cation interactions as the cause of slow dynamics and hysteresis in dye and perovskite
solar cells: a small-perturbation study Phys. Chem. Chem. Phys. 18 31033-31042

Tress W, Marinova N, Moehl T, Zakeeruddin S M, Nazeeruddin M K and Gratzel M
2015 Understanding the rate-dependent J-V hysteresis, slow time component, and aging
in CH3NHzsPbls perovskite solar cells: the role of a compensated electric field Energy
Environ. Sci. 8 995-1004

Emmanuel D, Floria B, Christophe B, Charles F, Jean-Baptiste D, Laurent L and
Ludivine G 2004 Integrated MIM Perovskite Capacitors for RF Applications Integr.
Ferroelectr. 66 231-242

177


https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ronen%2B%2BGottesman
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Eynav%2B%2BHaltzi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Laxman%2B%2BGouda
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Shay%2B%2BTirosh
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yaniv%2B%2BBouhadana
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Arie%2B%2BZaban
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Edoardo%2B%2BMosconi
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Filippo%2B%2BDe%2BAngelis
https://pubmed.ncbi.nlm.nih.gov/?term=Mohammadian%2BN&cauthor_id=27804296
https://pubmed.ncbi.nlm.nih.gov/?term=Moshaii%2BA&cauthor_id=27804296
https://pubmed.ncbi.nlm.nih.gov/?term=Alizadeh%2BA&cauthor_id=27804296
https://pubmed.ncbi.nlm.nih.gov/?term=Gharibzadeh%2BS&cauthor_id=27804296
https://pubmed.ncbi.nlm.nih.gov/?term=Mohammadpour%2BR&cauthor_id=27804296
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Rafael%2BS.%2B%2BSanchez
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Victoria%2B%2BGonzalez-Pedro
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Jin-Wook%2B%2BLee
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Nam-Gyu%2B%2BPark
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Yong%2BSoo%2B%2BKang
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Ivan%2B%2BMora-Sero
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Juan%2B%2BBisquert
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Fan%2B%2BZheng
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Liang%2BZ.%2B%2BTan
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Shi%2B%2BLiu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1=Andrew%2BM.%2B%2BRappe
https://pubs.rsc.org/en/results?searchtext=Author%3ALidia%20Contreras
https://pubs.rsc.org/en/results?searchtext=Author%3AJes%C3%BAs%20Id%C3%ADgoras
https://pubs.rsc.org/en/results?searchtext=Author%3AAnna%20Todinova
https://pubs.rsc.org/en/results?searchtext=Author%3AManuel%20Salado
https://pubs.rsc.org/en/results?searchtext=Author%3ASamrana%20Kazim
https://pubs.rsc.org/en/results?searchtext=Author%3AShahzada%20Ahmad
https://pubs.rsc.org/en/results?searchtext=Author%3AJuan%20A.%20Anta

178



CHAPTER 9

Summary and Future Outlook

9.1. Summary of the work

To summarize, this thesis work describes facile wet chemical synthesis approaches to prepare

organic-inorganic hybrid metal halide perovskites such as Methylammonium lead halide and to
fabricate some devices thereof. Moreover, some application aspects have also been explored and
discussed here. Chapter 1 starts with a basic and preliminary introduction of the perovskite
structures, their classifications, etc. It also sketches a brief profile of the emergence and
applicational importance of Methylammonium lead halide amongst perovskite family. Along
with the benefits of easy synthesis protocols and large band gap tuning, the chapter also covers
some of its intriguing properties and current challenges. The chapter finally concludes with the
thesis objective and its organization structure. Chapter 2 mainly deals with the literature survey
on few topics such as the adopted material synthesis procedures, application of the material
under interest in electron field emission and photodetection, with a brief idea of these two
application segments. The chapter also gives short account of the impedance studies and charge
relaxation mechanisms as reported by various research groups working in this field. The chapter
ends by describing the effect of cation and halide mixing and the strategies taken to stabilize the
material against environmental factors. Chapter 3 basically presents the materials synthesis and
devices fabrication procedures followed in this work, with schematic pictures given where ever
felt necessary. All the used characterization methods and the associated instrumental facilities
are discussed in chapter 4 briefly. The lack and necessity of exploring electron field emission
from such perovskite materials was realized and hence, detail investigation in this direction was
carried out which is contained in chapter 5. Corroborated with simulation findings, it shows
prominent and stable field emission properties of room temperature solution processed
methylammonium lead iodide nanostructures, with turn on of 4.2 V/um. Chapter 6 gives a
thorough description on how this emission performance could be further enhanced by tuning the

emitter morphology in a certain way. As described in this chapter, CH3NH3Pblz vertical NRs
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were synthesized using AAO template from which considerable electron emission was achieved
with 3.4 V/um turn on field and maximum current density reaching up to 230uA/cm?. The turn-
on field came to be lower as compared to the earlier investigation which involved randomly
oriented CH3NH3Pbls NRs. Alignment of the nanostructures towards only a particular direction
was assigned to be the key factor for producing this improved emission. Further investigation
under different light intensities revealed sensitive optoelectronic behavior of CH3NH3Pbls, which
was finally supported with theoretical simulation of the local electric field distribution near the
NRs emitters. Increased photo-excited carriers led to gradual lowering of turn on field up to 2.8
V/um under light intensity of 0.5mW/cm?. Chapter 7 addresses degradation of perovskite
photodetectors under ambient moisture or water species and demonstrates improvement of
photodetection performance with robust moisture resistance by low dimensional V20s
incorporation into CH3NHsPbls. The improvement was ascribed to higher interfacial built-in
potential, better charge separation and low resistive channels formation by V.Os nanorods.
Enhanced system stabilization against environmental water species was probed by contact angle
measurement which revealed hydrophic nature of the V.Os modified perovskite owing to higher
surface roughness. Chapter 8 furnishes the bias dependent impedance spectroscopy which was
attempted to unlock the associated relaxation mechanisms particularly in radio frequency regime.
As it describes, two relaxation entities were identified from the frequency dependency of
capacitance which manifested into capacitive/inductive switching in form of pseudo-negative

capacitance due to their mutual interference in anti-resonance shape.

9.2. Future outlook of the work

The electron field emission performance obtained from CH3sNHz3Pbls nanostructures seeks more
research attention. Employing AAO template for synthesizing uniform and scalable emitters can
be a good technique to extend this exploration area further to other perovskites as well. Tuning
the emission behavior by controlling light illumination upon such materials is another interesting
field which must be taken up further. More attempts should be taken to stabilize and improve the
photodetection performance of hybrid metal halide perovskites. A holistic approach, which can
address all the degradation factors and also can improve the device performance at the same
time, is what we are looking at in coming future. The application possibility of
methylammonium lead iodide to be used as a decoupling capacitor in an electrical circuit paves

the way for similar expeditions with other perovskite materials.
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