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Abstract

Perovskite solar cells had been introduced in 2009 and had seen a huge increase in their efficiency
since then. Here, the perovskite material absorbs photons and creates electron-hole pairs. These
charges are then extracted by the electron transport layer and the hole transport layer to the respective
electrodes. Here, a bi-layer system of the perovskite material and an/a electron/hole transport layer is
considered. Methylammonium lead iodide, Cgg and Spiro-MeOTAD are used as the perovskite mate-
rial, ETM and HTM respectively.

There have been many studies to increase the PCE of perovskite solar cells. The PCE depends
on the open circuit voltage (Voc) which is still under the highest achievable limit. In this study, we
have studied the charge carrier dynamics which affects the Voc. We have studied the bi-layer system,
mentioned above, under continuous illumination condition, by time resolved microwave conductivity
(TRMC) and also in absence of it. Under illumination, in open circuit condition here, the generated
charges move to their respective transport layer but they are not extracted out of the system. Subse-
quent saturation of the transport layer can take place at high photon fluence due to presence of the
excess number of charge carriers present in it. This can affect the charge carrier dynamics across the
interface. Continuous illumination can also affect the interface of MAPI and transport layer. This is also
studied here.

It is seen that there is an efficient charge transfer to the Cgq ETL and Spiro-MeOTAD HTL under
pulsed laser excitation at 650nm from both TRMC and PL measurements. Under bias illumination, Cgg
gets saturated at high intensity of bias illumination. The number of traps in the system increases after
illumination. The MAPI | Spiro-MeOTAD bilayer system gets degraded but this degradation can be
prevented at low temperature. This was attributed to the quenching of ion mobility at low temperatures.
Further, the curve fitting of the TRMC traces obtained were done to find the kinetic parameters.
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Introduction

The switch to alternative energy sources has become an important subject in today’s world with the
ever increasing power demand and the decreasing reserve of the fossil fuels. Solar energy is one of the
most promising and efficient source of renewable energy as it is available in abundance even though
it is of intermittent nature. The photovoltaic technology has evolved from the silicon solar cell which
was the first generation solar cell. They are efficient but their processing cost is quite high and the side
products from its manufacturing are not environmental friendly. It was followed by solar cells using thin
film of inorganic compounds like CdTe, and CIGS as the second generation and the organic solar cells
and dye sensitized solar cells as the third generation. The latest (fourth) generation is the perovskite
solar cell and its efficiency has reached to 25.5%.[1],[2] They are quite efficient due to their high carrier
mobility, diffusion length, high absorption coefficient, low exciton binding energy, tunable and optimum
band gap. Unfortunately, one of its main shortcomings is its instability.[3],[4]

In a perovskite solar cell, electron - hole pairs are generated when the perovskite material is pho-
toexcited. Then, the holes are extracted to the anode while the electrons are extracted by the cathode.
There are two main device architecture:

» Mesoporous structure - Perovskite material is formed on porous semiconductor metal oxide re-
sulting in an interpenetrating network of the two. The electrons are extracted by this metal oxide
and transported to the cathode whereas the holes move to the anode along the domain of the
perovskite.[5]

 Planar structures - There are two interfaces with the perovskite material and the transport layer.
A n-type electron transport layer is used to transport the electron to the cathode while a p-type
hole transport layer extracts the hole to the anode from the perovskite. Depending on the side of
illumination it can be either n-i-p or inverted p-i-n planar structure. [6]
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2 1. Introduction

The properties and types of various perovskite material and transport layers are going to be ex-
plained in the upcoming sections.

1.1. Perovskite Materials

Perovskites, in general, is a class of crystals with the formula ABX3 where X is an anion, A is a cation in
the cubo-octahedral site and B is a cation in the octahedral site. If X is a halide (chlorine (CI"), bromine
(Br), iodine (I)), then B is a divalent cation like lead (Pb?*), tin (Sn?*), etc. while A is a monovalent
cation. A can be an organic radical like methylammonium ion (MA : CH3NH3*) and formamidinium ion
(FA : NH2CHNH,™") or a metal ion like caesium (Cs™*), potassium (K*), etc.[8]

Figure 1.2: Perovskite structure [9]

An ideal perovskite crystal has a cubic structure possessing the highest symmetry. The Goldschmidt
tolerance factor (t) can be used to find the tendency to form the perovskite structure.[10] It can be
expressed as :

t = M (1.1)
V2(Rg + Ry)
where, R,, Rz and Ry are the ionic radii of A, B and X. For a stable structure, t should lie between 0.88
and 1.1. Another parameter used for defining the stability and the distortion of the perovskite structure
is the octahedral factor (). The perovskite crystal is stable for u ranging from 0.45 to 0.89. It can be
expressed as:
Rp

= (1.2)

U

Some of the commonly used perovskite materials are:

* Methylammonium Lead lodide (MAPI)- It is one of the most commonly used perovskite material
for use in perovskite solar cells due to its good opto-electronic properties.One of the disadvantage
of this material is its short lifetime when it is exposed to humidity.

* Formamidium Lead lodide (FAPI) - Here, the cation A is the formamidium ion with a larger radius
than the methylammonium ion resulting in an increase in the tolerance factor. It has a band gap of
nearly 1.47eV and a better optical absorption than MAPI. The main advantage of FAPI over MAPI
is that it doesn’t undergo structural phase transition within the operating temperature range.[11]

» Mixed Halide perovskite- This type of perovskite contain two types of halide ions in it, for instance
CH3NH3PbX, Y5, (XY = Br, Cl, 1).They have tunable band gaps by changing the stoichiometric
ratio of the halide ions. This changes the optical absorption band. They have better carrier
transport than its pure iodide equivalent. [12]
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Lead Free Perovskite- Due to the toxic nature of lead and its solubility in water, there is an increase
in the study of lead free perovskites. One of the replacement is the tin based perovskite but they
are at a disadvantage due to their instability and low performance. Another type is the double
metal halide perovskites of the formula A,BB’Xg, where A is a monovalent cation, and B and B’
are a monovalent cation (eg. Na*, Ag*, Rb*) and trivalent cation (eg. Bi®*, Sb3") respectively
acting as the replacement of lead. Their synthesis is difficult due to the formation of undesired
phases.[13]

Perovskite films can be deposited by a variety of low temperature processes.[11] Some of them are:

1.2.

Spin coating - It can be a single step deposition where the precursors mixed in an aprotic polar
solvent is first spin coated on the substrate. The solvents have a low vapour pressure and high
boiling point at room temperature. A crystallised layer of perovskite is formed due to self assembly
and evaporation of solvent occurred during spinning and annealing. It can also be a two step
sequential deposition process where one of the precursor is first deposited followed by the spin
coating/ dip coating of the other. Parameters such as spinning speed, spinning time, dipping time,
dipping concentrations, etc affect the film properties.

Rapid deposition crystallisation - Here, an antisolvent, such as benzene, xylene, etc., is dripped
over a perovskite layer to increase the nucleation of the film and the growth rate of the crystals.

Thermal evaporation- The precursors salts are evaporated and deposited simultaneously from
two sources or sequentially in a nitrogeneous environment. This process helps in making films
with uniform crystalline platelets.

For large scale production, drop casting, inkjet printing, coating with doctor blade, atmospheric
layer deposition (ALD) [14] can be used.

Transport Layers

Hole Transport Layer

These materials act as hole selective material with good hole mobility, a HOMO level close to the
valence band edge of the perovskite material and good UV and thermal stability. They enhance the
hole collection and reduces charge recombination. They are less conductive than the perovskite ma-
terials and this increases the series resistance and also decreases the Fill Factor of the cell. So, highly
conductive Hole Transport Material (HTM) increases the Fill Factor of the solar cells. HTM can be -
conducting polymers like polythiophene based conducting polymers (eg. P3HT), organometallic com-
pounds (eg. copper pthalocyanine), metal oxides (eg. nickel oxide, molybdenum oxide) and small hole
conducting molecules (eg. Spiro-MeOTAD). Some of the HTM are described below:

Spiro-MeOTAD - It is an organic molecule which can be easily deposited on the perovskite as
it is solution processible. This material has a low hole mobility affecting the conductivity of the
material which is a main disadvantage of this material. In order to increase the conductivity of
this material, additives can be added as dopants but they may lead to device instability. Some
of the dopants are lithium and antimony based salts, cobalt (lll) based salts, organic compounds
like F4-TCNQ, TBP, etc. [15] The lonization Energy is in the range of -6.3eV to -4.7eV depending
on the dopants and its concentration used, environmental condition during preparation, chemical
interaction with the layer on which it is deposited, etc.[16]

Nickel Oxide (NiOy)- It is a cubic p-type semiconductor with nickel in its +3 or +4 oxidation state.
It has a wide energy band gap of 3.5-4eV. A high PCE can be obtained as compared to other
inorganic HTM due to its deep work function of -5.3eV and high transmittance.

Poly(3-hexylthiophene-2,5-diyl) (P3HT)- Thiophene is a heterocyclic compound to construct the
conjugated polymer donor. It has a higher hole mobility than Spiro-MeOTAD, excellent solubility
and good crystallinity due to the well defined molecular structure.[11]

Copper iodide (Cul) - It is a highly conductive p-type conductor with a wide band gap of 3.1eV
and a work function of -5.1eV. It is cheap, chemically stable and solution processible. [17]
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Electron Transport Layer

An Electron Transport Material has its LUMO energy level lower than the perovskite material’s con-
duction band for transfer of electrons and a high transmittance in the visible range so most of the
incident photons are absorbed by the perovskite material. It should also have a good thermal stability,
resists degradation and non toxicity.
Some of the ETL which are commonly used are :

» Buckminister Fullerene (Cgg)- Ultrathin Cgy layer has shown to effect the performance of per-
ovskite solar cells positively.

+ Titanium Oxide (TiO,) - It is a large band gap semiconductor of band gap 3.2eV and 3.02eV for
anatase and rutile phase respectively. It blocks holes efficiently due to low valence band level.
It has high electron mobility, good optical transparency, easy preparation, long electron lifetime
and good environmental stability. However, its main disadvantage is the poor conductivity of its
film.[18]

 Zinc Oxide (ZnO) - It is a low cost material with high electron mobility and wide band gap of 3.3eV
with large exciton binding energy of 60meV. Its conduction band minimum is at 4.2eV. It can be
synthesised easily. Its high ionization potential helps in blocking holes in moving into the ETL
from the perovskite.[19]

1.3. Scope and Outline of Project

MAPI has already been used to produce perovskite solar cell and also in tandem structure with sili-
con.[20] There have been many research to increase the efficiency of the solar cells. Here, a study
is made on the charge carrier dynamics which severely affects the efficiency of the solar cells. Firstly
the charge carriers dynamics in perovskite absorber material is studied followed by its transfer to the
transport layers by TRMC.

In order to increase the PCE of the solar cell, the open circuit voltage should be increased which in
turn is affected by the kinetics of the charge carriers. So, next a study of the charge carrier dynamics
under illumination is done. Under illumination in open circuit condition, fermi level splitting takes place
resulting in creation of an open circuit voltage. Charges generated move to their respective transport
layer and subsequent saturation of the transport layer can take place which may affect the charge car-
rier dynamics across the interface of perovskite and transport layers. Saturation of the transport layer
will prevent any extra charge carriers from being extracted by the transport layer due to the absence
of the electric field to drive the extraction. The resulting charge carrier dynamics in perovskite - trans-
port layer bi-layer system should then reflect that of the monolayer perovskite. Changes in the kinetic
parameters like increase in the interfacial recombination shows that the interface is affected. So, this
study will help us understand whether the interface of the perovskite transport layer will be affected or
not under bias illumination and thus will help know further how it can be improved.

In Chapter 2, a literature review along with some theory is present on the properties of the perovskite
material, ETM and HTM being used. It is followed by the study of charge carrier dynamics which
had already been studied before. Then the effect of illumination on perovskites has been studied. In
Chapter 3, the preparation of the bilayers are discussed followed by the characterization techniques
which are used in this study. In Chapter 4, the results that we have got from the experiments conducted
are presented and discussed. It is followed by the conclusions which can be drawn from the results
and some recommendations for further work in Chapter 5.



Literature Review

In this study, MAPI is chosen as the perovskite material. It has high optical absorption coefficient,
favourable band gap, long carrier diffusion length (of more than 100nm [21]) and good electrical trans-
port properties. The tolerance factor calculated for this material is found to be 0.83 using the methy-
lammonium cation radius as 1.8A, making it a stable structure.[8] There is a change in the structure
from cubic to tetragonal at around 300K which is in the working temperature range of the solar cell due
to a partial separation of the lead iodide from the perovskite phase.[22] The valence band maximum
and the conduction band minimum are estimated to be -5.43eV and -3.93eV respectively resulting in a
band gap of 1.5eV.[23] The onset of absorption is calculated to be 826nm from this. As it has a high
optical absorption coefficient, wavelength of light at 700nm and 550 nm can be absorbed by a thin
layer of this material of thickness 0.66um and 2um respectively.[8] So, most of the incoming light can
be absorbed by this material in the solar cell as only a thin layer is used. The excitons formed is weakly
bound (binding energy is comparable to thermal energy at room temperature) and free charge carriers
are produced resulting in high open circuit voltage.

-3.9eV (CB
-4.0eV (LUMO) c -2.3eV (LUMO)
-3.9eV (CB) g
o =
S 2
=
2
‘a
-5.4eV (VB) o
-5.2eV (HOMO)
-6.8eV (HOMO) -5.4eV (VB)
(a) Band diagram of MAPI | C[24] (b) Band diagram of MAPI | Spiro-MeOTAD [25]

Figure 2.1: Band diagram of MAPI and transport layer in dark
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Spiro-MeOTAD is used as the HTL. The advantage of using this material as a HTM is its well
matched energy levels with MAPI, minimum absorption in the visible and near infrared range of so-
lar spectrum, high melting temperature and solution processibility. The offset between its HOMO level
and valence band of MAPI is around 0.2eV.[26] So, the HOMO is close to the Fermi energy level.

Ceo, is chosen as the ETL due to good alignment of its energy level with that of MAPI. It has a HOMO
level at nearly -6.8eV and LUMO level nearly at -4.0eV. [24] A 20nm Cgq layer shown to exhibit a charge
carrier mobility of about 1.6*10#m?V-'s™!. The offset is nearly 0.1eV and remains constant with Cgq
thickness. It can extract electrons efficiently from the perovskite and has a high injection barrier for
holes. It is proposed that there is a possible passivation of the traps at the MAPI surface by Cgg. An
efficient electron transfer is seen. So, the Cgy has a high electron density and a low hole density, [27]

On photoexcitation, free charge carriers are produced. The electrons are excited to the conduction
band and holes are created in the valence band. The electrons move to the Cgq layer while the hole
moves to the Spiro-MeOTAD. Proper alignment between the energy level of the MAPI and the ETL and
HTL results in efficient charge injection into the transport layer and reduces the charge recombination.
The conductivity or mobility of the charge carriers in the transport layer also affects the performance.
The alignment of the conduction band with LUMO level of an ETL creates an electric field for the elec-
trons to move into the transport layer by drift. A similar electric field is created by the valence band of
the perovskite and the HOMO level of the HTL for the holes to get injected in it. Low mobility results
in high series resistance which causes accumulation of charges in the interface of perovskite and ETL
(or HTL) . This can cause significant recombination with holes (or electrons) in the perovskite layer. [28]

The free charge carriers may also get trapped in a defect (also can be referred to as 'traps’). Traps
can have an interband energy level or be present above the conduction band or below the valence
band. In the latter cases, it can be considered not to harm the system. Depending on the nature of the
trap in the former case, it may escape back to its excited energy level by absorbing thermal energy or
by optical excitation, or it may recombine back. Traps result in a decrease in the PCE and open circuit
voltage (Vp¢).

Traps can be of 2 types- shallow traps and

deep traps as shown in 2.2. Shallow traps exist Energy

near the conduction band or valence band edge ___€onduction band (CB)
such that the energy gap i.e. the difference in _~shallow kgT electron trapping
energy of the trap and the conduction/ valence non-rad. '€Vels
band, isless (E; < kzT). Charge carriers trapped Ey| [deep rad.

here are excited back thermally at non temper- )
ature. So, the charge carriers again contribute \@mw iKaT ho'ﬁ;\:ae?spmg
to the free charge carrier and hence only their valence band (VB)
mobility is hindered. Deep traps are present to-

wards the middle of the band gap (E; = kgT) Density of states (DOS)

and it forms a pathway for non radiative recombi-

nation. MAPI can have intrinsic defects and sur- Figure 2.2: Electronic structure of traps [29]
face defects caused by vacancies of methylam-

monium ion, lead and iodine, interstitial presence

of methylammonium ion, lead and iodine and substitutions. [29]

Charge trapping becomes an important factor as it decreases the lifetime of the charges. Recom-
bination of the trapped charge dominates over charge injection in the transport layer if trapping rate
is higher. Several defect curing and surface passivation techniques have been studied in order to in-
crease the open circuit voltage and PCE. An ultrathin interlayer of Poly (methyl methacrylate) (PMMA)
has been seen to reduce the interface recombination and passivate the trap states.[30] Some other ma-
terials to show surface passivation effect are Organic halide salt- phenethylammonium iodide (PEAI)
[31] and another Lewis base - poly-vinylpyrrolidone (PVP). The latter had been seen to show surface
passivation effect by stabilization of the structure [32] and passivating Pb?* defect.[33] Addition of a
ultrathin polystyrene (PS) layer has also shown to increase the PCE.[34] The thin layer is seen to pas-



2.1. Study of charge carrier dynamics in MAPI and Transport Layers with TRMC 7

sivate the traps and defects in the interface of Spiro-MeOTAD HTL and perovskite material and also
its hydrophobic nature prevents moisture infiltration.[35] It also acts as an insulating tunneling junction
and suppresses interface recombination by allowing only one type of charge to pass through.[36] When
used as a blend with PCBM it also improves the ETM film uniformity along with decreasing recombina-
tion of electrons and holes in ETL.[37]

2.1. Study of charge carrier dynamics in MAPI and Transport Lay-
ers with TRMC

Study of charge carrier dynamics in the photo-active materials and the transport layer is important in
order to know the properties of charge carriers related to charge injection and recombination. When
the photo-active material (here, MAPI ) is excited by a pulsed laser, free electrons and holes are gen-
erated. Initially, charge transport within the perovskite layer and charge injection in the transport layers
takes place. The photoexcited electrons may also recombine back with the holes in the MAPI. Due
to the absence of electrodes, charge extraction is not possible and charges will start accumulating
in the transport layers. These charges can recombine via the interface of the MAPI - transport layer
(interfacial recombination’). While considering the MAPI - C4, system, the transfer current density for
electrons can be calculated as :

AW
Jrn = St (Mp int — Ng,int €XP —ﬁ) (2.1)
B

where, g is the elemental charge, S is the transfer velocity, n,;,; and n,;,. are the electron den-
sity at the interface of the perovskite and transport layer respectively, AW, and kgzT is the conduction
band offset and the thermal energy respectively.[38] The accumulated electrons in the ETL attract the
holes from the bulk through Coulomb interactions resulting in their build up at the bulk. The accumu-
lated electrons slow down the transfer of electrons also. These factors results in increased interfacial
recombination.[38]

TRMC measurement of MAPI had shown that with increased intensity of the pulsed laser i.e. at high
photon fluence, band to band recombination became dominant over trapping of electrons. The charge
carrier mobility was independent of the laser intensity. It was also found out that the number of photo-
generated electrons is smaller than the concentration of the holes which could be due to background
doping and/or photo doping. When a MAPI - Spiro-MeOTAD bilayer system was photoexcited, the total
concentration of holes did not change appreciably suggesting that MAPI is unintenionally p-doped.
An efficient charge transfer has been observed in both the MAPI - Cgq and MAPI - Spiro-MeOTAD bi-
layer system with an increase in lifetime of the charge carriers.[39] MAPI when photo-excited below the
band gap, MAPI has shown charge carrier dynamics similar to above band gap excitation due to the
presence of energy levels close to the valence band maxima and the conduction band minima followed
by defect related absorption taking place at even lower excitation energy.[40]

2.2. Effect of illumination

At thermal equilibrium, the position of the Fermi level of as semiconductor depends on whether it is
p-doped or n-doped. For instance, if it is p-doped then the Fermi level will be closer to the valence
band and lower than the Fermi level of an intrinsic semiconductor Er;. On illumination, excess charge
carriers are created and it is not in thermal equilibrium. Fermi level splitting takes place with a quasi-
Fermi level for electron (Er,) and a quasi-Fermi level for holes (Ef,).[41],[42] The position of these
quasi-Fermi level can be defined as :

ng +6n
EFn = EFi + kBTlTl( ) (22)
i
po +6p
Epp = Ep; — kBTln(OT) (2.3)

1

where, §p = §n and is the excess carrier concentration, and n, and p, are the concentration of electrons
and holes in equilibrium respectively.
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Figure 2.3: Band diagram under illumination showing Fermi level splitting and electron and hole transfer to the transport layers

In the perovskite - transport layer bilayer system, similar to other semiconductor materials, a built in
potential exists in the dark. On illumination, Fermi level splitting takes place reduces the built in potential
and a flat -band situation is approached. The dominant p-n junction of a perovskite solar cell is seen to
form at the HTL or ETL interface depending on the ETL being used. [43] Band bending depends on the
energy difference of the HOMO /LUMO level of transport layer and the perovskite material. Charges
accumulation at this junction takes place due to higher band bending and device degradation is mainly
initiated here. For instance, electrons accumulates near the HTL when dominant p-n junction is near
the HTL. [44] The photoconductivity of the MAPI film has shown a weak change above the band gap
but depends on the photon energy below it. It is found to be same before and after it has been illu-
minated for a time period of 1 hour in vacuum for photon energy greater than 1.6eV i.e. in the region
of interband absorption. Below this energy level, there is an increase in the photoconductivity due to
filling up or creation of interband states. [45]

On light soaking, MAPI films have show effect
of both photo brightening and photodegradation
by PL spectroscopy.[46] It was found out that this A = 457 nm
behaviour depends on the excitation wavelength. P=0.1Wem?
There is a transition between photodegradation
and photo-brightening effect at nearly 520nm cor-
responding to the band gap of the residual Pbl,.
Decomposition of MAPI takes place above Pbl,
band gap and possible photolysis of Pbl,, as
shown in Equation 2.4 resulting in formation of
I, triggers decomposition of MAPI. [47]

A =532 nm™,
P=04Wem? ™

Relative Intensity

740 760 780 800
‘Wavelength [nm]

Relative Intensity

} L 1 : 4
t t t t t
hv 740 760 780 800 820 840

Pbl, — Pbo +1, (2.4) Wavelength [nm]

Due to energy alignment of valence band of

MAPI and Pbl,, there is an efficient transfer of Figure 2.4: Photodegradation and photobrightening on
illumination by different wavelengths of light.[46]
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holes photoexcited from Pbl, to MAPI valence
band. These holes react with the iodine ions of
MAPI to form Pbl, as shown in Equation 2.5.This
induces the degradation of the film.

2Iyapr ' +2hT — 1, (2.5)

It was also proposed that when high energy photons are used for illumination, excess phonons are
created into the lattice due to the thermalization of the excited charge carriers. These phonons also
provoke ionic defects once the illumination is removed.[48] Migration of mobile ions have also been
found out. They are mainly intrinsic ions like iodine interstitial and vacancies due to their low activation
energy and high mobility. These mobile ions accumulate at the perovskite transport layer interface due
to the built in voltage of the perovskite solar cell. For instance, positive ions (eg. iodine vacancies)
accumulate near the HTL as the electric field pushes the negative ions away from the HTM. These ions
creates a Debye screening of the electric field in the perovskite bulk and reduces the efficiency of the
charge extraction of the HTL. The inversion of the electric field due to the accumulated charges causes
the electrons to flow towards HTL increasing the interface recombination. With prolonged illumination,
negative ions starts accumulating at the HTL perovskite interface and acts as traps.[49]

Diffusion of iodine ions (I") in Spiro-MeOTAD HTL reduces the conductivity of the HTM. lodine released
from perovskite can also react with this ion resulting in the formation of triiodine ions (I%). These
deepens the HOMO level of the Spiro-MeOTAD thereby forming an energy barrier for hole extraction.
This decreases the hole extraction efficiency of the HTM.[50]

However, it has also been found out that under illumination, a large number of photo-excited charges
are created. Some of them gets trapped in the vacancies created.The trap filling has shown to effect
the system and create electric fields inducing the iodine vertical or lateral migration from the illuminated
region to the dark region and changing the band bending on illumination. This migration of iodide ions
may fill some of the vacancies resulting in a net decrease in the reduction in the density of vacancies.[51]
Light soaking has also shown effects of defect curing i.e. shallow traps being annihilated at room
temperature by the excess carriers.[52],[53] These effects have been seen when wavelength of light is
greater than 520nm.[46]






Experimental Methods, Characterization
Techniques and Modelling of Charge
Kinetics

3.1. Synthesis Methods

3.1.1. Preparation of Methylammonium Lead lodide Perovskite Films

Lead acetate (obtained from Sigma Aldrich) and Methylammonium lodide (synthesized in lab using
standard procedure [23]) were used in 1:3 molar ratio and added in Dimethylformamide (DMF) to pre-
pare the MAPI solution. It was mechanically stirred for 1 hour and then filtered. 120uL of the freshly
prepared solution was spincoated on a plasma cleaned Quartz plate for 45s at 2000 rpm. Then, the
samples were kept at room temperature for 15 minutes followed by annealing at 100°C for 5 minutes.

3.1.2. Deposition of C60 on MAPI film

C60 was deposited on the MAPI films with

the help of an evaporator as shown in Fig-

ure 3.1.

A 30nm thickness film was obtained with the de- ??aﬁf;?: o reree
position rate of 0.3A/s. ’ | — Main shutter

3.1.3. Deposition of Spiro-MeOTAD film
on MAPI film

A 75mg/mL of Spiro-MeOTAD solution was
prepared in Chlorobenzene and mechanically
stirred for 1 hour. 60uL of the filtered so-

lution was spincoated on the MAPI films at |
1500 rpm for 45s. They were kept at room

temperature for 30 minutes followed by keep-

ing it at 60° for 1 hour. The samples were Figure 3.1: Thin film deposition by evaporation
kept overnight before any measurements were

done.

Source shutter

Source in crucible

—
— +————t—— Sensor
—
—
—

Heater

| Vacuum chamber
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3.2. Characterization of Samples

3.2.1. UV-Visible Absorption Spectroscopy

When light falls on a certain substance, it can be absorbed, transmitted or reflected by it. These inter-
action depends on the chemical and physical properties of the material and the energy and intensity of
the light source used. UV- Visible spectroscopy involves the absorption, transmittance and reflectance
of the material in the ultraviolet and visible region of the spectrum by means of transition of electrons
within the molecules of the substance from a lower electronic energy level to a higher one by absorption.

The amount of absorption (A) or transmittance (T) by a sample can be found out with the help of
the Beer - Lambert law which states that the absorbance of a substance is directly proportional to the
path length (L) and molar attenuation coefficient or absorptivity of the species. The absorption and
transmittance can be expressed as :

I
A=pL=-log,T = _10910(5) (3.1)

where, u is the attenuation coefficient, I and I, are the intensity of the transmitted/ reflected light (de-
pending on position of the sample) and incident light respectively.

Pos. 2
[] Pos. 3
Ay ’ Pos. 1
@ - Monochromator I I
" T
’, ~ Incident ray
! !
Tungsten/

R
I
Detector

Integrating sphere

Deuterium slit
lamp

Figure 3.2: Set up of UV -Visible absorption measurement

Here, a spectrophotometer with a deuterium and tungsten halogen lamp is used to generate a stable
light source spanning from UV- infrared region. The radiation is first split into specific wavelengths by
monochromator. Then it passes through the sample. Depending on the position of the sample with
respect to the integrating sphere as shown in Figure 3.2, the photodiode can measure the amount of
transmitted and reflected light. The integrating sphere spatially integrates the diffuse reflectance and
the transmitted light scattered from the sample measurements. If the sample is kept in front of the
integrating sphere (Pos. 1), only the transmittance is measured whereas when it is kept at the end of
it (Pos. 3), the amount of reflected light is measured. In order to get both the reflected and transmitted
part , it needs to be kept inside the integrating sphere (Pos. 2).

Here, an UV- Visible absorption spectroscopy is done to know about the region (wavelengths) in
which the perovskite and the transport layer mainly absorbs. A PerkinElmer LAMBDA 1050 spec-
trophotometer is used. The sample is placed inside the integrating sphere and the sum of %T and %R
consisting of both the transmitted and reflective part respectively is measured from 250-850nm.

The fraction of photons absorbed by the sample can be found out by

After the baseline correction, the %T of a pristine quartz plate is measured so that the fraction of
light absorbed by the quartz can be subtracted from the fraction of light absorbed by the thin film on
quartz.
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3.2.2. X-Ray Diffraction
X-ray diffraction is done to understand the crys-
talline nature of a material. A beam of x-ray is

used as its wavelength is comparable to the in- Gobelmirror =

Gonlometer

X-ray Detector

teratomic distances. It is incident on the material
to be studied, the X-ray gets diffracted by the (pe- SN
riodic) electron density of the atoms. Diffraction caima]| .’ | \\ //%
patterns are formed based on constructive and ‘—
destructive interference of the diffracted beams.
They add constructively in certain directions and

it can be expressed by Bragg's Law as Figure 3.3: Schematic of 8- 8 XRD set up

, /

b a\
\\

Sample

Sample stage

2d sin6 = nAl (3.3)

where, 6 is the incident angle of the X-ray, d is the distance between the diffracting planes, 1 is the
wavelength of the beam and n is any integer.
From a XRD measurement we can get the following data:

* The intensity tells about the unit cell content, crystal size, space group and symmetry.

» The position tells about the set of the crystal planes generating the diffraction pattern and the unit
cell parameters (lengths and angles of the unit cell). It also depends on the wavelength of the
X-ray source.

» The peak shape tells about the crystallinity , disorder and defects.

X-ray diffraction is used here to check the presence of the perovskite crystal and any impurities (for
instance, lead iodide), if present. The quartz plate with the thin films of the perovskite and the transport
layers, were mounted on a fixed plate. A theta - theta (6 — 8) geometry was used were the goniometer
tube with X-ray source and detector rotates at 6°/min. A Bruker D8 Advance machine is used for mea-
suring the X-ray diffraction by the samples made.Cobalt ka beam of wavelength A = 1.789 °A is used
by the machine. A scan from 26 angle of 5-50° is used for measuring the XRD of MAPI, MAPI with C60
on top and MAPI with Spiro-MeOTAD on it.

3.2.3. Profilometry

A Dektak Profilometer is used to measure the film thickness. This instrument is used to measure the
vertical profile, film thickness and topographical features of films. A diamond stylus of tip radius 12.5um
is put in contact with the sample and then moved laterally across it for a specified distance and time
with a certain contact force. A part of the sample was scrapped off with solvent and it was measured
in Hills and Valleys mode. The film thickness measured over atleast 5 places were averaged.

3.2.4. Time Resolved Microwave Spectroscopy

Time Resolved Microwave Spectroscopy (TRMC) is used for studying the charge carrier dynamics in
the perovskite material. The semiconductor perovskite material is first excited with a pulsed laser beam
resulting in generation of charges, and then a microwave is incident on it. The microwave is absorbed
by the photo induced charged carriers thereby decreasing the microwave power. The decrease in mi-
crowave power is measured by a detector as a function of time. As the electric field of the microwave (in
the GHz regime) interacts with the charge carriers resulting in the decrease of the power, this decrease
in power is proportional to the change in conductance when the material is excited, which is given by

AP(t)
p

= —KAG(t) (3.4)

where, K is the sensitivity factor and AG is the change in photo-conductance. The change in conduc-
tance can be calculated by integrating the electrical conductivity (o) of the sample over the complete
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film thickness. The electrical conductivity of the sample depends on the product of the concentration
of charge carriers and their mobility in the material. Hence, AG can be expressed as

AG < 0 = e(Nele + nppy) (3.5)

where, e is the elementary charge, n, and n; are the concentration of the electrons and holes respec-
tively, u, and y,;, are the mobility of electrons and holes respectively in the medium.[54]

Laser

excitation
o
[ ]

'y
Incident [
Microwave ® Re.ducsd
power from ° L) Microwave
microwave [ ] power (P-AP)
source (P) °

L J

L ]

® holes

® electrons

Figure 3.4: Schematic of creation of charges by laser pulse excitation and power attenuation of the microwave by the free
charges used for the TRMC measurement

This method does not need electrodes. So, one of the advantages of studying the charge carrier
properties by this method is avoiding any undesired chemical reactions and the interfacial effects be-
tween the electrodes and the perovskite or the transport layers. Another advantage is that we can
study about both radiative and non radiative recombination via the trap states unlike in other methods
like photoluminescence spectroscopy where the signal is produced from the radiative recombination.
So, this method is quite useful for studying the perovskite and especially the interface of perovskite -
transport layer pairs where the charges undergo both radiative recombination and nonradiative recom-
inations by traps present on the surface, interface and the bulk.

In the TRMC set up being used for the experiment, a 10Hz pulsed laser is used. The beam passes
through metallic neutral density filters with different optical density which are used to vary the number
of photons incident on the sample. The study is conducted at a range of photon fluence by the help of
these filters. The sample is placed in a gold plated microwave cell which transmits the laser pulse and
reflects the microwave. Monochromatic microwaves (8.2 - 12.4 GHz frequency) generated by a volt-
age controlled oscillator is incident on the sample and a microwave circulator separates the reflected
microwave of decreased power from the incident wave. This sample holder can be either an open cell
or a cavity. The cavity has the cell partially closed by an iris. This is used to increase the sensitivity
as compared to a measurement in the open cell by creating a standing microwave which leads to in-
creased interaction with the sample. However, the response time of the open cell is less than that of
the cavity. So, a very fast initial decay is not captured by a cavity as shown in Figure A.7. A diode
detector converts it into a DC signal and to understand the change in photoconductivity due to the laser
from the AP , an offset regulator is used to subtract the DC part to get the AC part. An amplifier is then
used to amplify the signal. [54]

The output which is mainly obtained from the TRMC measurement is a trace of the normalised
photoconductivity over a range of time. Initially there is an increase in signal as charge carriers are
generated when the laser is incident on the sample followed by a decay which is due to the radiative
and non radiative recombination taking place. A frequency scan of the sample placed inside the cavity
gives the resonance frequency of microwave with respect to the sample and also tells about the con-
ductivity of the sample when it is not excited by the laser.
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The TRMC measurement of MAPI, MAPI with
electron transport layer (Cgy) and MAPI with hole
transport layer (Spiro-MeOTAD) was done. The White
samples were excited at 650nm above the band teht
gap of MAPI. The samples were excited from

LED

Convex lens

the side of the quartz (referred as ’'backside’) Laser
and also from the side of the films (referred as - i (650nm)
]frontSide,). sample holder transparent

mirror

For TRMC measurement of the samples in the
presence of bias light was done with white light
LED as the light source as shown in Figure 3.5. A Eigyre 3.5: Schematic of experiment with TRMC in presence of
convex lens and a semi transparent mirror were Bias Light

used to concentrate the incidence beam and to

direct it on the sample as normal irradiance. A silicon photodetector with 7.9 mm diameter active area
was used for the power measurement at the sample position.

3.2.5. Photoluminescence Spectroscopy

Photoluminescence is used for analysis of semiconductors and is a non-contact and non-destructive
method. It is emission of light by a substance around band gap wavelength when it is irradiated by light
with photon energy above the band gap of the material. The photoluminescence (PL) efficiency (n) is
the ratio between radiative photolumienscence (Ip;), due to band to band recombination of electron
and hole, to nonradiative recombination (Iy,y) due to Auger recombination or defect trapping. It is
expressed as :

IPL

7 Ipp + Inon (36)

In steady state photoluminescence experiment, the samples- MAPI and MAPI with transport layers,
are excited with a red laser (635nm) which is above the band gap of MAPI. A 665nm red light filter
was used to filter out the red laser light from the detector. The photons emitted due to band to band
recombination were then measured by the detector. An average of 100 and an integration of 70 were

used to get a proper plot.

3.3. Modelling of Charge Kinetics

3.3.1. Modelling of Kinetics of Charges in MAPI

When a semiconductor material is excited above its band gap, electrons are excited to a higher elec-
tronic level in the conduction band leaving behind the holes in the valence band. Depending on the
exciton binding energy of the material, these charges can either be free and mobile, or remain bound in
the exciton. In TRMC, only free charge carriers contribute to the photoconductance. These free mobile
charge carriers diffuse within the material and also gets transported to the transport layers. The con-
centration of photoexcited mobile electrons and holes are initially same. Their concentration decays
with time and this depends on its recombination pathway which are discussed below:

+ Radiative recombination - It is the recombination of free holes and electrons. It is radiative in
nature resulting in a photoluminescence emission. The rate of radiative recombination depends
on the number of holes and electrons. Hence, it is a second order decay.

» Shockley Read-Hall recombination - It is a nonradiative recombination taking place by means of
trapping. It can be either an electron trap or a hole trap hence this rises to an unequal decay char-
acteristic between the holes and electrons. It is a first order trap depending on the concentration
of the empty traps and concentration of free charge carrier which can be trapped. The trapped
charge carrier doesn’t contribute to the photoconductance.

» Auger recombination - It is a non radiative recombination of third order. It is of importance when
the generated charge carrier concentration is very high due to heavy doping or strong excitation
of the material.

The presence of dark charge carrier i.e. the charge carriers which are present in the thermal equilib-
rium doesn’t contribute to the photoconductance. It does affect the decay though as the concentration
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of dark charge carriers (majority charge carrier) is quite large in comparison to the minority charge
carrier affecting the second order radiative term.
For modelling the TRMC data for MAPI, the following things were assumed [54]:

» Homogeneous generation of charges throughout by a excitation wavelength close to the absorp-
tion onset.

» The exciton binding energy of MAPI is quite low and comparable to the thermal energy at room
temperature (kgT). So, all the absorbed photons leads to the formation of one free electron and
hole.

* MAPI is a p-type material. So, the majority charge carrier is the hole.

» The mobility of the charge carrier is constant during the measurement time and independent of
the concentration of the charge carriers

Now, the concentration of the charge carriers in the perovskite material can be modelled by the
following differential equations (mentioned in [54] and based on Figure 3.6a:

dnCB dne
dc  dr Ge — kane(ny + po) — krne(Nr — ny) (3.7)

This for the change in concentration for electrons (n,) with time. G, is the generation term. The second
term represents the band to band recombination with a rate constant of k, whereas the third term is
the first order (kr) trap filling rate constant. n,, pg, Ny and n; are the concentration of photo gener-
ated holes, dark carriers (holes, in this case), total traps and filled up traps (trapped charge carriers)

respectively.

dnyg dny
ac . dr —Gc + kane(np + po) + kpne(ny + po) (3.8)
This equation is for the change in hole concentration with time. The term expresses trap depopulation
or emptying where kj, is the rate constant for trap emptying. The concentration of filled traps mentioned

in these equation can be expressed in terms of trap filling and depopulation as:

dng
ar krne(Ny —ne) — kpne(ny + po) (3.9)
An (=n,) An (=n.)
L II‘ L l.\ ¢ ® 0 \ ®
ke
kr
n Transport
Ge K, TN, Layer
(HTL/ETL)
ko
L4
"o 00 0 00 TS
Bpf=n)  Po P (=)
Perovskite (MAPI)
(a) Charge carrier dynamics in perovskite (b) Charge carrier dynamics in perovskite and transport layers

Figure 3.6: Schematic of charge carrier dynamics
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3.3.2. Modelling of Kinetics of Charges in MAPI with Transport Layers

When a transport layer is deposited on top of a perovskite material, the charge carriers can be extracted
by the transport layer. Recombination via the interface can also take place as shown in Figure 3.6b.
For instance, when C60 is deposited on top of MAPI, the electrons are extracted by C60 and some
of them can also recombine with holes via the interface. The opposite happens when Spiro-MeOTAD
is deposited as it is a hole transport layer. Charge extraction is a first order process. Depending on
the selectivity of the transport layer, the charge transport rate constant of holes (k) and electrons (k,)
vary. In case of C60, k, is quite large in comparison to k; , which is in contrary to Spiro-MeOTAD as
holes are extracted in the latter.[55]

These charge carriers dynamics can be expressed by the following differential equation which are
analogous to the above equations.

dnCB dne

dt - dt = Ge — kane(np + po) — kene(Ny —ny) — ke, (3.10)
dnyg dny
at = _W = _GC + k2ne(nh + pO) + ant(nh + pO) + khnh (311)
dn;
ar krne(Np —ng) — kpne(ny + po) (3.12)
dn
d;M — kene _ khnh (313)

The last equation is for modelling the concentration of charge carriers which are extracted by the trans-
port layer with respect to time.






Results and Discussions

4.1. Structural and Optical Properties of MAPI and Transport Lay-
ers

The XRD measurement on pristine MAPI and also with Cgy and Spiro-MeOTAD was done using the
Co ka beam. The result obtained is shown in Figure 4.1 . It is compared to the XRD measurement of
literature and was found to be nearly accurate as shown in Table 4.1. The small peak at around 15°
indicates the presence of Pbl,. The XRD measurement of MAPI with the transport layers, as shown

in Figure A.1 also exhibit peaks at the same position. This means that the deposition of the transport
layer doesn’t affect the crystalline structure of MAPI.
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Figure 4.1: XRD of pristine MAPI

Table 4.1: Comparison of 2-0 angle obtained from XRD measurement and literature

2-6 (°)
Measured (Co ka) 16.5 33.5

Calculated (Cu ka) 14.16 28.38
Literature (Cu ka)[56] 14.0 28.36
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The thickness of MAPI film was found to be 250+10nm. A thickness of 32+1nm was measured for
Cgo While that detected by the sensor of the evaporator was 30nm. The thickness of Spiro-MeOTAD
was measured to be 232+12nm.

The fraction of absorbed light was calculated from the absorption measurement. It is shown in Fig-
ure 4.2 as a function of excitation wavelength of light. The band gap was approximated to 1.615eV from
the Tauc plot as shown in Figure A.4. The fraction of absorbed light at 650nm when light first passes
from the side of quartz ('backside’) is shown in Table 4.2. This wavelength is used for excitation in the
TRMC measurements and the fraction of absorbed values are used further in the study.

0.6 N -

Fa
/

0.4+
— MAPI

MAPI|C60
— MAPI|Spiro-MeOTAD

0.2+

0.0 T T T T
300 400 500 500
WAVELENGTH (nm)

Figure 4.2: Absorption of pristine MAPI and with Cgy and Spiro-MeOTAD as the transport layers by backside measurement

Table 4.2: Absorption of pristine MAPI and MAPI with Cgy and Spiro-MeOTAD at 650nm by backside measurement

Material Fraction absorbed
MAPI 0.4952
MAPI | Cgq 0.4953
MAPI | Spiro-MeOTAD 0.4531

The fractions of absorbed light by Spiro-MeOTAD and Cgy at 650nm were found to be 0.0118 and
0.0031 respectively and negligible as compared to the MAPI. An absorption measurement from the
frontside i.e. illumination from the direction of the films were done and is shown in Figure A.2 along
with the fraction reflected data (Figure A.3).

The PL intensity of MAPI was found to be centered at 760nm when excited by a red laser (wave-
length ~635nm). The PL intensity was quenched as shown in Figure 4.3 for MAPI with the transport
layers. As the intensity of the PL is proportional to the amount of radiative recombination, the quenching
of the PL intensity was indicative of an effective charge extraction by the HTL or ETL thereby decreas-
ing the amount of holes or electrons in the MAPI for radiative recombination.
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4.2. Opto-electronic Properties of MAPI and Transport Layers

The TRMC measurements were done under varying laser intensity ranging from 102 to 102 photons/cm?
with open cell for higher photon fluence and cavity for lower photon fluence due to the increased sen-
sitivity. When a frequency scan is done, a decrease in the reflected power (referred as "dip”) is seen
at point where the interaction of the microwave with the charge carriers is maximum due to resonance.
All the TRMC measurements are done at this resonant frequency. The TRMC measurement as shown
in Figure 4.4 has a sharp increase upon excitation in the photo-conductance normalised by the fraction
of absorbed light, intensity, electric charge and the ratio of wide and small inner walls of microwave
guide. This is due to the free charges created by the laser pulse. It is followed by a decay in the photo-
conductance as the number of charge carrier decreases due to trapping or band to band recombination.
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Figure 4.4: TRMC traces of MAPI, MAPI | Spiro-MeOTAD and MAPI | Cgy, when excited at 650nm from backside.

As compared to pristine MAPI, the lifetime of charge carriers in MAPI with a transport layer is more
as shown in Figure 4.5. This is understood by the slower decay of the traces. The generated charges
move to the HTL or ETL. For instance in the MAPI|Cgq bilayer system, the electron moves to the ETL
leaving behind the hole in MAPI. This slows down the recombination of electrons with the holes present
in MAPI resulting in a longer lifetime. Apart from trapping and band to band recombination, interfacial
recombination of the electron hole pair also contributes to the decay in the signal of the MAPI with the

transport layers.

Curve fitting of the TRMC traces of pristine MAPI and with Cgy and Spiro-MeOTAD were done in Igor
according to the differential equations present in Section 3.3 and is shown Table 4.3. The thickness of
the MAPI layer was only considered as the absorption by the transport layers at this wavelength were
negligible.
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Figure 4.5: TRMC trace of MAPI with Spiro-MeOTAD and Cg

Table 4.3: Kinetic parameters derived from curve fitting of TRMC traces of MAPI and MAPI with Cgg and Spiro-MeOTAD

Parameters MAPI MAPI|C¢, MAPI | Spiro-MeOTAD

k (*108 cm3s) 1 1.2 08
ky (109 cm3s) 2 6 1.2
kp (*10® cm3s™) 1 2 1
N (*10™ cm3) 1.4 1.4 07
ke (*10° 51 4 0.008
Ky (108 51 0.06 5

The efficient transfer of the holes to the Spiro-MeOTAD layer and the electrons to the Cgq can be
seen from the high charge transfer rate and a small interface recombination rate. This results in the
increase of the lifetime of charge carriers because recombination is slowed down as mentioned above.

The difference in the k, value between pristine MAPI and MAPI with transport layers can be due
to photon reabsorption or photon recycling.[57] Photon recycling is the self absorption of the emitted
photons by radiative recombination of holes and electrons. This effects the k, which is measured
because it may show an apparent slower radiative recombination rate as the photon is trapped and
may undergo multiple photon recycling process. The photon recycling is affected by the refractive
index of the surrounding layer. So, the presence of the transport layer in the bilayer system can lead
to the difference in the k,.[58]
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4.3. Effect of Bias Light

The set up used for studying the effect of Bias light on the dynamics of the charge carriers in MAPI
and the ETL / HTL is described in subsection 3.2.4. At first, a TRMC measurement was done in the
absence of bias light followed by a measurement in presence of bias light and lastly one in the absence
of the bias light. The samples were excited from the backside i.e. from the side of the quartz substrate
and its reverse side i.e. the front side. The measurements were done in both cavity and open cell.
The results discussed below is based on backside measurement and at 95.68W/m? bias light power
in cavity unless mentioned otherwise. The rise in temperature of the sample due to the heat produced
by the incidence of the bias light during the experiment can be ignored as the rise in temperature is
negligible as shown in Figure A.5. The photo-conductance vs time curves of the TRMC results were
plotted. They were not normalised by the intensity as the intensity used by the software to generate the
normalised photo-conductance curve takes into account only the laser intensity and not the intensity of

the bias light.

4.3.1. Effect of Bias Light on MAPI and Transport layers

A frequency scan in the range of 8.2-12.2GHz was done on pristine MAP| and with the HTL/ETL and
a decrease in the reflected microwave power is seen at the resonance point creating a "dip”. In all the
cases as shown in Figure 4.6, there is a dip deepening occurring in the illuminated condition under bias
light as compared to the dark condition. This is indicative of the extra charges produced due to the

steady state charge generation in presence of the bias light.
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Figure 4.6: Frequency scan measured at high bias intensity of 95.68W/m, from backside
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The photo-conductance obtained from the TRMC measurement was used for the comparison to
check the effect of the bias light. As shown in Figure 4.7, the decay of the TRMC signal of MAPI is
slightly more when measured in dark again after illumination as compared to its initial condition in both
at low and high photon fluence of the laser. Therefore, there is a decrease in the lifetime of the charge
carriers after it had been illuminated. This can be due to the creation of traps by the white light. The
photo-conductance measured in presence of the bias light has a lower intensity as compared to that
in dark condition which is due to the time resolution of the cavity failing to capture the fast decay in
the signal as shown in Figure A.7. This fast decay in the signal is due to the increased band to band
recombination because of the huge number of charges produced in presence of the bias light. A similar
result was obtained in case of the front side illumination as shown in Figure A.15.
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Figure 4.7: Comparison of TRMC traces of MAPI with light and without light before and after illumination with white light

When MAPI with Cgq as the ETL was illuminated there was an increase in decay of the TRMC signal
which is due to the increase in the band to band recombination as there is more number of charge car-
riers present. However, at higher photon fluence as shown in Figure 4.9 it can be seen that the decay
of MAPI | Cgg becomes comparable to that of MAPI. This is not present in the lower photon fluence of
the laser as shown in Figure 4.8 where the lifetime of the charge carriers is still more than pristine MAPI
similar to the measurement conducted in the absence of the bias light. This is because as more charge
carriers are generated, more electrons are transported to the Cgy.This can affect the band bending at
the interface of MAPI and Cgy and the difference between the LUMO of the Cgq layer and the conduc-
tion band of the MAPI can decrease. Here, no electrode are present to extract the electrons from the
system. So, at higher photon fluence, C5y may get saturated with the electrons and no more electron
can be transferred to it as there is no more potential to drive it to the ETL. The TRMC measurement,
now, shows charge carrier dynamics in this bi-layer system similar to the pristine MAPI. So, the decay
of the MAPI | C¢qg becomes comparable to MAPI under illumination as can also be seen in Figure A.11.
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It can also be seen in Figure 4.10 that the lifetime of the charge carriers in absence of the continuous

illumination after the bias light experiment reverts back to its original condition.
The front side measurement shown in Figure A.13 also yielded a similar result.
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Figure 4.10: Comparison of TRMC traces of MAPI | Cgq with light and without light before and after illumination with white light

When MAPI with Spiro-MeOTAD layer was illuminated, a sample degradation was observed in both
cases of frontside and backside illumination as shown in Figure 4.11 and Figure 4.12. This could be
understood from the decay of the TRMC traces after the bias light experiment. The traces doesn’t
show a similar characteristics as the original traces. A difference in the TRMC traces of the degraded
samples after it had been illuminated from the frontside and backside can be seen. One of the pos-
sible reason for the higher degradation on illumination from the frontside can be that the interface is
illuminated more when it is illuminated from this direction as absorption by Spiro-MeOTAD is negligible
whereas in backside illumination, light is first absorbed by the MAPI layer. It had been seen in previous
studies that migration of halide ions take place away from the illuminated region.[51] So, the interface
is affected more in the former case as more defects may have formed there.
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Figure 4.11: Comparison of TRMC traces of MAPI | Spiro-MeoTAD with light and without light before and after illumination with
white light when measured from backside
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Figure 4.12: Comparison of TRMC traces of MAPI | Spiro-MeoTAD with light and without light before and after illumination with
white light when measured from frontside

The decay of Spiro-MeOTAD layer is seen to be similar to that of MAPI as shown in Figure 4.13 and
Figure 4.14. However, the fast decay can be an effect of the degradation too. So, it is not possible to
tell whether the Spiro-MeOTAD layer gets saturated or not.
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Figure 4.13: Continuous excitation of MAPI|Spiro-MeOTAD from the backside : Low photon fluence of laser
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Figure 4.14: Continuous excitation of MAPI|Spiro-MeOTAD from the backside : High photon fluence of laser

However, when illuminated from the front side, saturation of the Spiro-MeOTAD layer by holes
doesn’t take place as shown in Figure 4.15 and Figure 4.16. Degradation of the MAPI|Spiro-MeOTAD
takes place as shown above. So, this can affect the hole transfer and hence the TRMC traces.
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Figure 4.16: Continuous excitation of MAPI|Spiro-MeOTAD from the frontside : High photon fluence of laser

Itis suspected that the main reason behind the degradation of the MAPI | Spiro-MeOTAD is migration
of ions which in turn creates defects in the interface. At low temperature, ion mobility decreases. So,
a study at low temperature is done next to understand the effect of temperature on the charge carrier

dynamics in presence of bias light.
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4.3.2. Effect of Temperature and Bias Power

The measurements were done in the (cavity) temperature cell where the temperature inside the cell
was maintained at 200K (-73°), so that the ion migration decreases but the tetragonal state of MAPI
is retained. The measurements had to be done at a low intensity of 13.16W/m? from the LED source
in order to accommodate the temperature cell in the set up. All the measurements were done here by
illuminating pristine MAPI and MAPI with Spiro-MeOTAD from the front side.
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Figure 4.17: Frequency scan measured at low bias power at 200K from frontside

A dip deepening was not observed in the frequency scan of pristine MAPI as shown in Figure 4.17.
It was also not observed when it was measured at this low bias intensity at room temperature as shown
in Figure A.14. So, this could be due to the much less charges generated at this power. However, the
dip deepening was observed in MAPI | Spiro-MeOTAD as shown in Figure 4.17. It was also observed
at a similar condition at room temperature.

When the pristine MAPI was illuminated there was an increase in decay as shown in Figure 4.18
which is because of the increased band to band recombination due to the excess charge carriers
formed. The decay was not as fast as the one present at higher bias power which can be due to the
lesser number of charge carriers produced. The lifetime decreased from the initial condition when mea-
suring it after the bias light experiment in dark. This is similar to when the experiment was conducted
at the high bias power.
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Figure 4.18: Comparison of TRMC traces of MAPI with light and without light before and after illumination with white light

When the MAPI with Spiro-MeOTAD bilayer was illuminated, degradation didn’t take place as shown
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in Figure 4.19. So, it is possible that the interface of the MAPI - Spiro-MeOTAD is not affected here.
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Figure 4.19: Comparison of TRMC traces of MAPI | Spiro-MeOTAD with light and without light before and after illumination with
white light at low bias intensity at 200K

However, in this experimental condition, the saturation of Spiro-MeOTAD doesn’t take place. It can
be seen in Figure 4.21 that even at high photon fluence of the laser, the decay of the MAPI | Spiro-
MeOTAD doesn’t become comparable to the MAPI. This can be due to the usage of low bias power
leading to the generation of lesser number of charge carriers as compared to the high bias power. The
holes get extracted by the Spiro-MeOTAD layer which can be understood by the increase in lifetime of

the charge carriers as compared to the pristine MAPI.
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Figure 4.20: Continuous excitation of MAPI|Spiro-MeOTAD from the frontside at low bias power at 200K : Low photon fluence
of laser
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Figure 4.21: Continuous excitation of MAPI|Spiro-MeOTAD from the frontside at low bias power at 200K : High photon fluence
of laser

Next, the measurements were done at a room temperature but at the same low bias intensity of

13.16W/m?. This was done to check whether the degradation of the MAP!I | Spiro-MeOTAD was caused
due to the higher bias intensity of the previous setup or it is temperature dependent. As shown in Fig-
ure 4.22, it can be seen that there is an increased decay in the MAPI | Spiro-MeOTAD resulting in
a decreased lifetime of the charge carriers. This, thus, proves that the suggested reason behind the
degradation is true. The ion migration creates defects and affects the MAPI HTM interface. Decrease
in temperature decreases ion mobility. In this low temperature due to no/ negligible ion migration,
degradation is prevented.
The decay of the TRMC signal of MAPI | Spiro-MeOTAD in the presence of continuous illumination
is not as much as that present in the high bias power. This can be due to lesser number of charge
carriers generated because of the lower bias power resulting in reduced band to band recombination.
It was previously seen in Figure 4.4b, that the lifetime of the charge carriers in MAPI|Spiro-MeOTAD
increased as the photon fluence increased as more number of charge carriers were extracted by the
HTL followed by an increase in decay with increase in photon fluence as band to band recombination
increases. Here, too, a similar effect is seen when the photon fluence of the laser is less. On continu-
ous illumination the lifetime increases but when there is a high photon fluence of the laser, the decay
increases due to band to band recombination.
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Figure 4.22: Comparison of TRMC traces of MAPI | Spiro-MeOTAD with light and without light before and after illumination with
white light at low bias intensity at room temperature

Similar to the measurement in the low temperature, here too the saturation of the Spiro-MeOTAD
layer doesn’t take place even at high photon fluence of the laser as seen in Figure 4.23 and Figure 4.24.
The lifetime of the charge carriers in the bilayer system was more than that of pristine MAPI. So, it can
be said that at low bias intensity the Spiro-MeOTAD layer can’t be saturated as enough charges are
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not continuously generated.
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4.3.3. Modelling of TRMC traces

Table 4.4: Kinetic parameters derived from curve fitting of TRMC of MAPI

Parameters | before after | before after | before after
MAPI MAPI|Cg  MAPI | Spiro-MeOTAD
Tu (Cm2/VS) 120 125 120 125 120 125
ko (*10° cm3s ™!y | 2 0.4 6 6 1.2 1
N, (*10"% cm?) | 14 27 14 27 | o7 2.7
Do (*1073 cm3) 2 0.9 2 0.9 2 0.9
ke(*10%s71) 4 4 0.008 0.2
ki (*108s71) 0.06 0.06 5 3

It can be seen from Table 4.4 that the number of traps doubles in MAPI and MAPI | Cg after the
bias light experiment.The increase is neary four times in MAPI | Spiro-MeOTAD. This can be due to
the defects created by ion migration. It can also be seen that the defects created doesn'’t affect the
charge extraction by the Cgq layer. This can mean that the defects or trap states are not created in the
interface between MAPI | Cgo. Whereas, it can be seen that the hole transport rate constant decreases
and interfacial recombination increases in the MAPI | Spiro-MeOTAD bilayer system. This can be due

to the creation of defects in the interface increasing the interfacial recombination.
The change in the value of k, in MAPI can be due to photon reabsorption. The number of times the
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photon is absorbed and emitted in this photon recycling can be expressed as :

é

where, § is the mean depth of carrier, Lp distribution is the carrier diffusion length and L, is the photon
propagation length.[59] As the number of traps are increasing in the pristine MAPI after illumination, the
carrier diffusion length decreases. This can affect the number of times the photon recycling is taking
place due to which the k, value is different from the initial condition. The change is not observed in the
bilayer system. This can be due to the differnce in the refractive index as mentioned in Section 4.2.

Npr = (4.1)






Conclusion and Recommendation

5.1. Conclusions

Firstly, it can be concluded that the charge transfer from the MAPI perovskite layer to the Cgg electron
transport layer and Spiro-MeOTAD hole transport layer is efficient. This could be understood from the
increase in the lifetime of the charge carriers in the bilayers due to charge extraction as compared to the
monolayer pristine perovskite. The PL also shows a quenching of the intensity in the bilayers proving
the same. The curve fitting of the TRMC traces also showed that there is a high electron transfer rate
constant of 4*108s! to the Cgy and hole transfer rate constant of 5*108s™! to the Spiro-MeOTAD layer.

In presence of bias illumination, there was a possible saturation of the Cgq at high photon fluence
on excitation from both frontside and backside due to the increased number of free charges produced
under continuous illumination. After continuous illumination, when the bilayer system was excited by
the pulsed laser, there was no change in the electron transfer rate to the Cgy but a small change in the
hole transfer rate was observed from the MAPI to the Spiro-MeOTAD HTL. An increase in the mobility
was also seen. It is not possible to conclude whether saturation of Spiro-MeOTAD layer took place
or not due to the degradation of the sample. The interfacial recombination at the interface of MAPI |
Ceo had a slight increase after the continuous bias illumination experiment as compared to the MAPI |
Spiro-MeOTAD which underwent a huge change. This could mean that the interface of the MAPI | Cgq
is not affected by continuous illumination and no/negligible trap states are created there.

Another thing that we had observed was the increase in the number of traps in the pristine MAPI
and also in the bilayer systems. In pristine MAPI and with the Cg, the number of traps nearly doubles.
It severely affects the charge carrier dynamics in MAPI | Spiro-MeOTAD bilayer system as the number
of traps increases nearly fourfold here. As mentioned before, the interfacial recombination of the holes
with the electrons takes place at a much higher rate than before which can mean that traps are formed
near the interface and cause the degradation of this bilayer system. These traps prevent proper trans-
fer of holes from the MAPI to the Spiro-MeOTAD and this could lead to a decrease in the open circuit
voltage. It was suspected that these traps were caused by migration of ions as had been reported in
the literature. So, a low temperature measurement was done to check this claim. It was seen that this
degradation was no more seen in MAPI | Spiro-MeOTAD. So, it can be concluded that the mobile ions
can create defects.

5.2. Recommendations

The following recommendations have been made based on the results of the experiments that we had
conducted, the limitations present and additional ideas related to it.

Firstly, it was seen that there is some creation of traps after light is shone. The kind of traps created can
be characterised and ways to passivate them can be found it. It can be further investigated whether
they are successful in preventing degradation and their effect on the saturation of the transport layer
on bias illumination.
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Secondly, the number of charge carriers generated on bias light illumination is not calculated here. This
can be found out by the curve fitting of the frequency scan. This value is quite accurate and can be
compared to the number of charge carriers calculated from the TRMC traces on laser excitation with
bias light.

Thirdly, the effect of low power on MAPI | Cgo has not been investigated here and this can be done in
the future. It had been studied in the literature that different wavelengths of lights have different effect.
Its effect on the charge carrier dynamics can be studied by using light from monochromatic LED. Lastly,
lead is toxic in nature and currently in various research it is being replaced by triple cation perovskite like
Cs,AgBiBrg. The charge carrier dynamics can be studied on these materials as it is more sustainable.
Moreover, different transport layers can also be used and the effect of bias illumination on the charge
dynamics can be studied there.
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Appendix
A.1. Structural and Optical Properties
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Figure A.1: XRD of pristine MAPI and with Cgy and Spiro-MeOTAD
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Figure A.2: Absorption of pristine MAPI and with Cgo and Spiro-MeOTAD and the pristine transport layers from the front
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Figure A.3: Reflection of pristine MAPI and with Cgg and Spiro-MeOTAD from the front
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Figure A.4: Tauc plot for MAPI for calculation of band gap
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The white LED has an emission in the wavelength range of 415-725nm. The number of photons ab-
sorbed by the MAPI under 1 sun (AM 1.5) is found out by correcting the number of photons emitted un-
der 1 sun by the fraction absorption of the MAPI. It was found out to be 8.237*10"6photons/(cm?s).The
power of 1sun in this wavelength range is 44.28mW/cm?. The full power of the LED was 100mW/cm2
as measured by the pyranometer.

The intensity of the LED in the two setups measured by the silicon photodetector used in the experi-
ment were found to be 9.568mW/cm? and 1.316mW/cm?2. The number of photons emitted at the higher
power can be approximately calculated by (8.237*10'®photons/(cm?s) *9.568)/44.28 and was found to
be 1.78*10'6 photons/ (cm?s).
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Figure A.8: Backside measurement of TRMC of MAPI
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Figure A.9: Frequency scan of MAPI during frontside illumination at high bias intensity
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Figure A.10: Comparison of TRMC traces of MAPI with light and without light before and after illumination with white light from
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Figure A.12: Comparison of TRMC traces of MAPI |Cgq with light and without light before and after illumination with white light
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Figure A.14: Frequency scan measured at low bias power at room temperature from frontside
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Figure A.15: Comparison of TRMC traces of MAPI with light and without light before and after illumination with white light from
frontside at low bias intensity at room temperature
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Figure A.16: Modelling of TRMC traces in dark (before continuous illumination)
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Figure A.17: Modelling of TRMC traces in dark (after the continuous illumination)
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