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ABSTRACT

LEAD FREE CH3sNH3SNIs PEROVSKITE THIN-FILM WITH P-TYPE
SEMICONDUCTING NATURE AND METAL-LIKE CONDUCTIVITY

ANASTASIIA IEFANOVA

2016

CH3NHsSnlz and CHsNHsPbls have become very promising light absorbing
materials for photovoltaic devices over the last several years. CH3sNHsPbls based
perovskite solar cells have reached a solar-to-electricity conversion efficiency of ~ 22%.
Nevertheless, CHsNH3sPbls perovskite solar cells contain lead, which has serious
consequences for the environment and human health. In this work, the lead was replaced
with less toxic tin. Lead free CH3NH3Snls perovskite thin film was prepared by two low
temperature solution processing methods and characterized using various tools such as X-
ray Diffraction (XRD) and absorption spectroscopy (UV-VIS). The distinctive p-type
semiconducting nature and metal like conductivity of CH3NH3Snls were confirmed by the
measurements of electrical and optical properties. Crystal structures and uniform film
formation of CH3sNH3Snls layer were analyzed by XRD and scanning electron microscopy
(SEM). The CHsNHzsSnls film morphology, uniformity, light absorption and electrical
properties strongly depend on the preparation methods and precursor solutions. The
CHsNHasSnl3 perovskites fabricated using dimethylformamide (DMF) exhibited higher
crystallinity and stronger light harvesting capability than those fabricated using a blend

solvent of dimethyl sulfoxide (DMSO) and gamma-butyrolactone (GBL). The local



Xiv

nanoscale photocurrent mapping confirmed that CHsNH3Snl3 can be used as an active layer
and has a potential to fabricate lead free photovoltaic devices. The CH3NHasSnl3 film also
showed a strong absorption in visible and near infrared spectrum with an absorption onset

of 1.3 eV.



CHAPTER 1. INTRODUCTION

1.1 Background

The rapidly growing global energy consumption cannot be met by limited supplies
of fossil fuels in the future [1]. The main concern about fossil-based fuels is their impact on
the environment provoking catastrophic climate change. The carbon released into the
atmosphere from burning fuels combines with oxygen in air to form carbon dioxide (CO2)—
one of the green-house gases in earth’s atmosphere. Burning one gallon of petroleum
releases approximately 19.64 pounds of carbon dioxide [2]. Excessive green-house gas
emissions caused by the consumption of fossil-based fuels and a possible global energy
crisis due to the limited resources are significant motivators in the efforts to replace
traditional fuels with nonpolluting renewable energy sources similar to hydro energy,
energy of wind, biofuels, and solar energy.

Renewable energy based on the solar power is a very attractive and promising
technology as it does not yield any air pollution or hazardous waste, and it does not require
any consumption of liquid or gaseous fuels. Since sunlight is an omnipresent form of energy,
it enables the development of geographically diverse photovoltaic (PV) systems that are
immune to international energy politics and unstable fossil-fuel-based market [3-6].

Obviously, energy required to make photovoltaic systems has to be a small fraction
of the total energy produced during their lifetime. In spite of the fact that the sun delivers in
one hour enough energy to supply world’s annual energy consumption needs [1], solar
photovoltaics have not become a dominant energy supplier in the energy market. This is
because solar energy has not been cost-competitive with traditional energy sources.

Nevertheless, due to the gradual decline of production cost of PV cells and constant increase



in the price of fossil-based fuels, the solar photovoltaics will become a cost-competitive in
near future, opening enormous possibilities in the renewable energy market [7].

The major problems in producing electricity by solar panels is their rather low
efficiency and high cost for the large area photovoltaics. The theoretical maximum efficiency
(the so-called Shockley-Queisser limit under the standard AM1.5 solar mass) for a single-
junction monocrystalline silicon cell is 32.9% [8]. Considering additional practical energy
losses in the cell including junction loss, contact loss, recombination loss and near bandgap
absorption losses, the maximum efficiency of a for silicon solar cells gets capped at about 25
% [9]. In addition, they are not economical when compared to grid based energy supply
due to their high cost of raw materials and production. Crystalline silicone solar cells
require high purity silicon as starting material and further need several sophisticated
vacuum processing steps for fabrication. Silicon solar cells also require high temperature
processing and are brittle limiting their application to flexible solar cells [10].

Today’s solar cell production technology is categorized as mono- and polycrystalline
silicon cells with typical efficiencies for commercially available modules of ~16% [11, 12],
thin-film cells similar to CulnSez, CulnGaSe2, CdTe, and film amorphous silicon with typical
energy conversion efficiencies in range of 10 —12% [11, 13]. Photovoltaic technologies have
also matured to the stage of elaboration and implementation of the 3" generation solar cells
based on “high performance and low cost” products. These products are made of novel
materials that allow to reduce energy losses in the cell due to the application of
nanotechnology including nanostructures (quantum wells, wires, dots [14] , spectrum-
shifting cells|[15], and use of plasma effects [16]), quasi-crystalline and even amorphous

materials made out of monodispersed colloids, polymers, gels, and electrolytes. Solar cells



that utilize organic materials as the active light absorbers such as polymer organic bulk
heterojunctions and dye-sensitization are also referred to as 3"dgeneration PV devices. These
solar cells are projected to deliver solar electric power at very low costs (0.1-0.5 $US/Watt)
[12]. Over the last two decades, different solution processed organic and hybrid organic-
inorganic solar cells [17] have been passionately studied. Nevertheless, the efficiencies of
those type of cells required to compete in the energy market have not yet been realized.
The goal of the solar industry is to produce low-cost PV modules that are highly efficient
compared to other energy sources.

Figure 1. 1 shows the highest reported efficiency trends for different types of solar
cells fabricated in research laboratories compiled and plotted by National Renewable
Energy Laboratory (NREL) from 1975 to 2015. Different types of solar cells include but
not limited to multijjunction, single junction GaAs, crystalline silicon, thin film solar cells
(CIGS and CdTe), quantum dot, dye sensitized solar cells (DSSCs)[18, 19], and organic
polymer solar cells [20-26]. Some of the notable efficiencies are 24.7% for mono-
crystalline Si solar cells, 44.4% for multi-junction InGaAs/GaAs/InGaP reported by Sharp
technologies, 20.4% for CdTe solar cells reported by First Solar, 11.9% for DSSCs and
10.6% for tandem polymer solar cells. In recent years, starting from 2009 perovskite solar
cells [27-31] have been gained significant attention in photovoltaic application by reason
of their high efficiencies and low-cost fabrication. Their efficiency dramatically increased

from 9.7% [32] up to 19.3 % [33]. The advent of perovskite semiconductors could be the



key to reaching this goal of making

inexpensive devices that are highly efficient at

converting sunlight into electricity.
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Figure 1. 1 NREL's latest chart of best research-cell efficiencies (nrel.gov).

Perovskite solar cells offer several other advantages over conventional inorganic

counterparts. This light absorbing material has strong light absorption (1.5 x10% cnt) and

diffuision lengths larger than 1 um for both electrons and holes [34, 35]. In addition, this

material can transport both positive and negative charges [36].

It is remarkable that the open circuit voltage of the perovskite solar cells can reach

up to more than 1V [37], compared 0.7 V for typical silicon solar cells. According to Figure

1.1,

perovskite solar cells reached more than 20% efficiency in few years [38]. Even though

the efficiency maximum of perovskite soar cells still remains uncertain, it appears that the

efficiency will continue to raise. Moreover, perovskite solar cells have been fabricated using



variety of preparation techniques, different precursor solutions, and different morphologies
[39].

The toxicity of lead is one of the biggest issues with this material. Lead based
composition has potential to inflict harm upon both the human body and the natural
environment [40, 41]. The perovskite compounds are salt-like minerals that can easily be
dissolved in water or water vapor. The chance of dissolved lead slats leaking into rivers
and onto the rooftops of homeowners is an obstacle to bring this technology to the market.
Since lead has very bad consequences to the human health and the environment in general,
it is highly desirable for lead to be replaced with other non-toxic elements. The most
feasible substitutes for lead (Pb) in the perovskite materials are tin (Sn) and germanium
(Ge) that also belong to the group 14 metals in the periodic table [42]. Nevertheless, the
stability issue associated with the 2* oxidation state becoming more dominant when going
up in the group 14 elements of the periodic table, meaning that when using Sn and Ge to
replace Pb in perovskite structure, the chemical instability becomes a significant problem
[43].

The conducting halide CH3NHsSnls perovskite compound is known asa low carrier
density p-type metal [44]. It was reported that charge transport in CH3NH3Snls perovskite
arises with a low hole carrier concentration. The metallic properties of this compound
results from unprompted hole doping during the crystallization process, instead of the
electronic structure of the material [45]. In the CH3NHsSnl3 perovskites, there is a facile
tendency to behave as a p-type semiconductor showing metal-like conductivity. However,
the  CH3NHsSnlz compound can perform as a n-type semiconductor depending on

preparation methods [46]. Another study suggested that the hole and electron mobility can



be actually superior in CH3NH3Snl3 perovskites and can be considered as more efficient
semiconductors in terms of charge transport characteristics compared to their lead based
counterparts [47-49]. CHaNH3sSnls perovskites, specially, have demonstrated excellent
mobility when used in transistors [50]. However they can also be doped purposefully or
inadvertently to be converted into metallic [44, 45].

The CHsNH3sSnls perovskite has an optical band gap of 1.3 eV, indicating a
significant red shift compared with the benchmark light-harvesting material CH3NH3zSnl3,
whose optical band gap is ~1.55 eV [51]. It was reported that CHsNHz3Snl3 analogue could
serve as a lead-free light absorbing material. The reported efficiencies of 5-6% of lead-free
devices using CHsNHsSnls as a light absorber has demonstrated the potential [43, 52].
Despite  prosperous applications of the CHsNHsSnls perovskite compound in
photovoltaics, a systematic understanding of its electronic, optical, and electric properties
is essential for further optimizing material properties.

Even though there have been previous attempts to fabricate lead free perovskite
solar cells [43, 52], there is a wide range in the efficiency of the CH3NH3sSnlz solar cells
[52]. The properties of CH3NHsSnls still remain uncertain. Some reports explain cubic
structure of CH3NH3sSnl3 [43] whereas others describe tetrahedral structure [52]. The
charge transport properties of CH3NH3Snl3 are also debatable. Some calculations predict
CHsNHsSnl3 to be better electron transport material compared to CHsNH3zPbz [48], while
other papers describe CHsNH3Snl3 as a hole transporter [46]. Sn perovskites crystallize
directly upon spin-coating, which is actually impediment to form uniform film coverage
leading to poor photovoltaic device efficiency. Insufficient coverage of perovskite film

may result in shunt paths between hole transport layer and compact TiO2, which can



perform as a parallel diode in solar cell, reducing open circuit voltage and the fill factor.
The considerably low efficiency of lead-free CH3NH3Snlz perovskite solar cells can also
be due to oxidation of Sn?* into the formation of Sn** in ambient air or the presence of
oxygen. Chemical instability of CHsNHsSnlz in ambient air makes it challenging to
perform material characterization measurements. CHsNH3Snlz degrades rapidly and
oxidizes in air that leads to the formation of oxides and hydroxides of tin and
methylammonium iodide. Systematic analysis of electronic, optical, and structural
properties of CH3NH3Snl3 is needed to better understand the nature of CH3NHsSnls to
understand the limits of the material and suppress its oxidation processes in order to make
stable and high performance lead free perovskite solar cells.

In the field of photovoltaic, the selection of material is a trade-off between cost,
efficiency, and stability. Strong and broad optical absorption, fast charge carrier transport
and separation, low recombination rate are requirements for an ideal solar cell material
[53]. Investigation the properties of solar cell material and controlling its properties through
advances engineering can lead to the fabrication of efficient and cost effective photovoltaic
devices. In order to fabricate more efficient lead free perovskite solar cells, the
optoelectrical, electronic, and structural properties of lead free CH3NH3Snls materials are
needed to be investigated.

In this work, an analytical study of optical and electrical properties of CHzNHsSnl3
films based on different solvents such as dimethylformamide (DMF) and combination of
dimethyl sulfoxide (DMSO) with gamma-butyrolactone (GBL) was presented in this work.
X-ray diffraction (XRD) spectra, optical and morphological properties of CH3NH3Snl3

film was conducted and correlated them with electrical properties using current-sensing



atomic force microscopy (CS-AFM). It was found that CH3NH3Snl3 is a semiconductor
with metallic behavior. Moreover, the photocurrent is mostly distributed within grain
boundaries whereas dark current is within the interior of grains. To pinpoint the differences
and similarities between lead based CN3NHsPbls films and tin based CH3NHsSnlz
counterparts, the comparative study was performed in terms of stability, morphological,

and electrical properties of both thin films.

1.2 Previous work

Perovskite solar cells are constructed of organic-inorganic semiconductor material
with a perovskite polycrystalline structure. A typical chemical composition of lead based
perovskites is CHsNH3PbXs, where X is a halide atom (1, CI, Br, or a combination of some
of them).

In 2009, CH3NHzsPbls and CH3NHsPbBrs perovskites were first used as a light
absorbing material in dye-sensitized solar cells by Miyasaka et al. [32] with the efficiency
for bromide and iodide of 3.8% and 3.1%, respectively. The efficiencies were much lower
than the expected ones. The perovskite layers were washed away by liquid electrolyte after
few minutes. However, the theoretical photocurrent densities were higher than the
measured ones. The drawback of this DSSC based perovskite cell structure was the
instability of the CH3NH3Pbls due to liquid electrolyte. Surface protection of the deposited
CHsNHasPbls is thus to needed to be developed to increase the stability of the device. The
band gap of lead bromide was estimated about 2.25 eV, whereas the band gap of lead iodide

perovskite was estimated around 1.55 eV. The estimated band gap values were extracted



from the threshold values in the incident photon-to-current conversion efficiency (IPCE)
spectra.

In 2012, the liquid electrolyte was changed to solid hole transport material called
Spiro-OMeTAD by Kim et al. The power conversion efficiency exhibited 9.7% along with
remarkable long-term stability. The thickness of TiO2 layer was ~ 0.5 um for improved
device performance [34]. The electronic band alignment between absorbing layer and hole
transport layer, and electron transport layer was discussed as well [54]. Nevertheless, the
uncontrolled crystallization of the perovskite resulted in wide morphological variations
during spin-coating deposition process, which can lead to variations of the device
performance and limiting the prospects of practical applications.

In 2013, the efficiency of perovskite (CH3NH3sPbls) lead-based cell reached of up
to 15 % by Burschka et al. [37]. The issue of uncontrolled precipitation of perovskite layer
was solved by sequential (two-step) solution deposition process for the formation of the
perovskite absorbing layer within the porous TiO2. Primary, Pbl2 solution was deposited
on nonporous titanium dioxide film. Then, the perovskite pigment was formed by exposing
the samples into CHsNHzls solution. This fabrication method allowed more précised
control of perovskite morphology resulting in the increase of reproducibility of the device
performance.

In 2012, the performance efficiency of 10.9% of perovskite (CH3NH3zPbI2Cl) lead-
based cell as a single-junction solar cell under simulated sunlight by Lee et al [55]. Solid
spiro-MeOTAD was used as hole transport layer and mesoporous alumina as an electron

transporter layer for better electron transport through the device. This mesostructured solar
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cell exhibited of more than 1.1 V of open circuit voltage, which is higher than typical
silicon solar cells.

In 2014, with the incorporation of interface engineering, Yang group reported a
19.3% of power efficiency in lead based perovskite solar cells [33]. The formation of
perovskite layer was performed from solutions at low temperatures and humidity controlled
environment that lead to substantially decreased carrier recombination. The fabrication
procedure was performed at low temperature (<150°C). The electron transport channel was
also improved by modifying the ITO electrode to reduce its work function and by doping
TiO: to increase its carrier concentration. The perovskite solar cells were fabricated with a
device configuration analogous to the typically used planar device structure with some
modifications.

Recently, as certified by National Renewable Energy Laboratory [56], 20.1+ 0.4%
power conversion efficiency of perovskite has been reached. Their power efficiency
outperform other solar cells based on DSCs, CdTe and polymer solar cells [57-59]. The
improved efficiency was achieved by controlling the thickness of perovskite absorbing
layer and electron transport layer (ETL) as well by their interfaces. More study has been
done to find the best device structure in terms of robustness and stability. It was showed
that perovskite solar cells can be made in both planar and bulk heterointerface structures
with high performance. However, all the above reported perovskite solar cell uses contain
toxic lead in the form of salts, which is very harmful for environment and human body.

In 1995, the transport, optical, and magnetic properties of CHsNHzSnlz were tested
over the temperature range from 1.8 K to 300 K by Mitzi et al [32]. It was investigated that

this conducting halide perovskite behaves as a low carrier density p-type metal. A free carrier
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infrared reflectivity spectrum was observed at 1600 cm indicating the metallic nature of this
compound.

In 2013, phase transitions, photoluminescence properties, and hall effect of
CHsNH3Snl3 and CH3NHsPbls were studied by Stoumpos et al. [46] It was investigated that
physical and chemical properties of CH3sNHsSnls and CHsNHsPbls intensely depend on the
preparation process. It was also observed that CH3NHsSnls compound can behave as n-type
semiconductor with low carrier concentration if prepared from solution. Due to the tendency
of Sn?* towards oxidation through solid state reactions in ambient air or the presence of
oxygen, CHsNHzSnlz perovskite compound can be self-doped with Sn**. The self-doping
of CHaNH3Snls perovskite compound with Sn**can cause the material behave as a p-type
semiconductor exhibiting metal-like conductivity. However, the compounds were studied in
the form of powder rather than thin films, which is crucial for photovoltaic application.

In 2014, modeling of electronic, optical, and transport properties and relativistic GW
of CH3NH3Snlz and CH3NHsPDbls were studied by Umari et al [48]. To point the differences
and similarities of these two perovskite compounds, a number of calculations using Density
Functional Theory and developed GW method incorporating spin-orbit coupling were
carried out. This allowed to precisely model the optical, electronic, and charge transport
properties of CHsNH3sSnlz and CH3NHsPbls materials. It was found out that CH3NH3Snl3
has a metallic nature and can be predicted to be better electron transport layer than
CH3NHsPbls due to the different weight of relativistic effects in tin- and lead-based
perovskite materials.

In 2014, it was an attempt to make lead-free perovskite cell with tin iodide

(CH3NHz3Snlz—xBrx) by Hao et al [43]. The performance efficiency of lead-free perovskite
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solar cells was 5.73%. The absorption onset was measured at 950 nm, indicating a significant
redshift compared to the CHsNH3sPblz counterpart. Additional efficiency improvements were
predicted if a better understanding of the charge carrier dynamics and interfacial engineering
are implemented. The fabricated cells showed stability issues due to Sn?* oxidation in
ambient air. The indication of the solar cell degradation was the change of color happened
almost immediately after the samples were taken out of the nitrogen glovebox. Uneven
CHsNH3sSnlz—xBrx film coverage can also be a reason for poor efficiency. Insufficient
coverage of perovskite film may result in shunt paths between hole transport layer and
compact TiO2 layer. This means that the fabrication procedure needs to be improved and
controlled in resized manner.

In 2014, the efficiency of tin-based (CHsNH3zSnl3) perovskite cell reached 6 % by
Noel et al [52]. The precursor solution of CH3NH3Snls perovskite was based on DMF
solvent. The device architecture was similar to previous work. The device was completely
lead free. Nevertheless, the reproduction of the results was still low due to not uniform
CH3NH3zSnlz film coverage and difficulty to control the morphology during the
crystallization process of CHsNH3zSnlz. Spiro-OMETAD was used as a hole transporter layer
including tert-Butylpyridine (TBP) and Li salts as doping, which was harsh on active
CHsNH3sSnlz film. This resulted in CH3NHsSnlz film degradation. The color change
CHs3NHzsSnlz film from bark-brown to white upon deposition of spiro-OMETAD was an
indication of film degradation. It also should be mentioned that some CH3sNH3Snlsdevices
fabricated with DMF as a precursor solution exhibited short-circuit behavior. This behavior

can be also attributed to the film defects and voids formed during the spin-coating.
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In 2015, the problem of short-circuit behavior was solved by Hao et al. fabricating of
highly uniform and pinhole-free  CH3NH3sSnls perovskite film by controlled crystallization
process [60]. The improved CHsNHsSnls flm morphology was achieved using DMSO
solvent for precursor solution. The fabricated and tested lead free CH3NHsSnls solar cell was
based on mesoporous TiO2 layer but in the absence of hole transporting material. The
efficiency of fabricated lead free CH3NH3Snls device was as low as 3.15% with low 320 mV
open circuit voltage and low fill factor of 0.49.

In summary, although there have been earlier attempts to fabricate lead free
perovskite solar cells and investigate their material properties, their electrical and optical
properties still remain uncertain. The understanding of correlation between morphological
and electrical properties is opening the way to the design of lead free perovskite solar cells.
The importance of this work is to understand and control the electrical properties of Sn-based
perovskite materials that can lead to the fabrication of efficient, stable, and environmentally

safe lead free perovskite solar cells.

1.3 Motivation
There is a strong need to understand electrical, optical, and structural properties of
CHsNH3Snl3 perovskite material in order to fabricate stable and high performance lead

free perovskite solar cells.

1.4 Objectives
The objectives of this dissertation were to understand electrical, optical, and
structural properties of CH3NHsSnls films and fabricate high performance lead free

perovskite solar cells. This was the first report on the understanding of morphological,
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electrical, and optical properties of CH3NH3sSnl3 perovskite materials and the correlation

between the morphology and light harvesting properties that can lead to improved charge

transport.

The tasks of this dissertation were to:

Establish fabrication procedure of lead-free CH3NH3Snl3 perovskite thin film

using different solution process techniques

Characterize CH3NH3Snl3 perovskite thin film using SEM, AFM, UV-VIS, XRD
to improve the quality of the film

Correlate morphological and electrical properties of CHsNH3zSnls perovskite thin
film using CS-AFM

Perform comparative study of morphological and electrical properties of tin based

and lead based perovskite materials

Analyze stability properties of CH3NH3zSnl3 perovskite thin film



15

CHAPTER 2. THEORY

This chapter describes the theory of perovskite solar cells and mechanisms of
charge transport. The theory behind the characterization techniques utilized in this

dissertation is also presented.

2.1 Power conversion efficiency of photovoltaic devices
The overall sunlight-to-electric-power conversion efficiency, #, of photovoltaic
device is the ratio between the maximum attainable electric power, Pmax, at the solar cell

electrodes to the input optical power, Pin, in Watts incident to the solar cell given by:

Pinax Voclsc'FF

p=-me = (2.1)

Pin Pin

where

Prax = Vinax “ Imax (2.2)

Where Imax, the maximum photocurrent, and Vmax, maximum voltage, are obtained
at the maximum power point of a typical photovoltaic device. A typical cell response with

Imax, Vmax, and Pmax is shown in Figure 2.1.
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Figure 2.1 Current-voltage and power-voltage curves.

The fill factor, FF, the squareness of the IV characteristics of solar cells is defined

as:

FF = fmex 2.3)

Voclsc

Where Vocis the voltage developed across acell if the two terminals of the device are open.
Isc Is short circuit current delivered by the solar cells device if the value of the load
resistance is zero, or if the two terminals of the device are shorted to each other. In open
circuit conditions, the photocurrent does not flow through the load; it is redirected through

the internal diode. For variety of solar cells, the Voc can be calculated by:

V,, = Linci+ 1) (2.4)
q Iy
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where q is the charge of electron, T is temperature, kis Boltzmann constant, and lo is the
dark saturation current of the diode. At the voltage range is between 0 and Vo, the
photovoltaic device generates power. When the voltage is V<0, the illuminated solar cell
consumes power to produce a photocurrent. The diode in this regime operates as a
photodetector where its current is linearly sensitive to light intensity and is its value bias
independent. At V>V, the dark current through the diode is larger than the photocurrent
developed by the cell hence the solar cell sinks current from the external source. In this
regime, the device start to consume power and operates like a light emitting diode,

particularly if the solar cell is made of a direct bandgap semiconductor [61].

The efficiency of photovoltaic cell is often expressed in term of short circuit current

density, Js, as:

]sc = Isc/A (25)

where A is the active area of the solar cell. Then, the power conversion efficiency, 1, of

the photovoltaic device can be expressed as:

_ FF'Voc']sc

P (2.6)

op

where Pop is the optical power density incident to the device in W/cm?2. Under the Standard
Test Condition (STC), the solar cell efficiency is measured by an AM 1.5 compatible light
with incident power density of 1000 W/m? equivalent to 100 m\W/cm? at a temperature of

25°C.
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2.2 Operation principle of perovskite solar cells and charge transfer kinetics in
perovskite solar cells
The term perovskite is derived from crystal structure with the general stoichiometry
as ABXs, where A is an organic cation, B a divalent metal ion, and X an anion (0%, CI,
Br-, I, or, in a few instances, S*°), respectively, that bonds to both as shown in Figure 2.2.
The perovskite crystal structure is arranged into octahedral symmetry. The idealized
perovskite structure is cubic, where A cations occupy 12 coordinates. B cations are placed

in octahedral spaces surrounded by the X anions [62].

Figure 2.2 Perovskite crystal structure [63].

There are many various materials that have perovskite crystal structure similar to
calcium titanate (CaTiO3), strontium titanate (SrFeOs), magnesium carbonate (MgSiO3),
barium titanate (BaTiO3), strontium zirconium oxide (SrZrO3z), lithium niobate (LINbO3),
and the nonoxide KMgFs, that can form a broad range of materials, including dielectrics
[64, 65], semiconductors [46], superconductors [66, 67], ferroelectrics [68, 69], magnetic

and ionic conductors [70]. In a perovskite structure, the substitute of A inorganic cations
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with another suitable organic cation is the fundamental to a wide range of properties [71].
With the replacement of A cations with a proper organic cationic molecule, B ion with an
inorganic metal in group 14 of periodic table, and X with halides, the perovskites structure
can exhibit photovoltaic properties [32, 72] as well as used in thin-film transistors [73],
and light-emitting diodes[72, 73].

Organo-metal halide perovskites are tightened with hydrogen bonds between the
halide and amino group ions. However, the bonds among the organic ions are weak and
have Vander Waals nature. The divalent transition metal ions that belong to group 14 of
periodic table (including Sn?* and Pb2*) have a potential for low-temperature device
fabrication and good optoelectronic properties [42, 70, 74].

The bandgap of organo-metal halide perovskites can be degreased by lowering the
Pauling electronegativity between the metal cation and halide anion. The optical absorption
can be enhanced by the replacement of single halides with mixed halides with different
ratios[75].

The geometrical size of organic cations is critical to make fit into perovskite
structure. Thus for A cations, the best fit is the smallest organic molecules such as
methylammonium ions (CHsNHslI*). Nonetheless, the small A cations’ size must be
compensated by tightening the contact with anions in the cubic structure, which tends to
distort the octahedral BXs structure and introduces the distortion factor. This distortion
factor is called Goldschmidt’s tolerance factor [76]. The Goldschmidt’s tolerance factor (t)
is described as [77]:

_ (Ra+Ry)

"~ V2(Rp+Rx) @7)
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where Ra, Rs, and Rx are the corresponding ionic radii of A, B, and X. Since the radius of
Pb2* metal cation (R = 1.19 A) is larger than that of Sn>* metal cation (Re = 0.93 A) [78],
it is evident that the lead based perovskites have lower distortion factor than their tin based
counterparts, meaning higher structure tolerations.

The ferroelectric nature of organo-metal halide perovskites is due to polar nature
and permanent dipole moment of CHsNHasl* ions, as well as structural distortions of metal
halide anions carried by the ion pairs of lead (6s2) and tin (5s2).

Methylammonium ions have permanent dipole moment and insulator nature
whereas iodine ions exhibit semiconducting properties. The semiconductor metal iodide
are places between methylammonium ions, thus can freely change their orientation and
produce the octahedral dielectric confinement of excitons [79]. Due to organic and
inorganic nature of perovskite structure, the excitons exhibit lower binding energies and
higher Bohr’s exciton radius [80]. These properties result into better charge transport. In
addition, strong polarization of methylhmmonium ions due to permanent dipole moment,
presence of inorganic anions and organic cations lead to higher dielectric constants and
excellent charge transport [67].

The charge transport in organo-metal halide perovskite solar cells generally is
similar to the conventional dye-sensitized solar cells. Figure 2.3 shows the basic
architecture of a perovskite solar cell. The photoanode is composed of a thin mesoporous
semiconducting layer (typically (TiO2, AkOs, etc.)) deposited on transparent conducting
oxide glass substrate and coated with a layer of perovskite material. The transparent
conducting oxide (TCO) films, such as indium tin oxide (ITO) and fluorine- doped tin

oxide (FTO), are commonly utilized because of their high optical transmittance, high
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photoconductivity, and low electrical resistance [81]. Though, FTOs produce higher
efficiencies compared to ITOs due to their high thermal stability.

The role of perovskite material is to absorb the light, generate excited photoelectrons
and to inject of the excited electrons into the TiO2. The mesoporous TiO2 layer provides a
pathway for the injected electrons to move from perovskite layer to the transparent
conducting substrate. The perovskite layer is sandwiched between the electron transport
layer and hole transport layer, which is typically poly(3-hexylthiopene-2,5-diyl (P3HT) or
spiro-OMeTAD. A hole transport layer is necessary for charge separation and hole
transport from counter electrode. The counter electrode composed of silver (or another

metal) deposited onto the hole transport layer by thermal evaporation.

Metal contact
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Figure 2.3 A schematic representation of a perovskite solar cell [82].

Figure 2.4 describes the energy band structure of a typical perovskite solar cell.

Light is absorbed by the perovskite layer. Electrons and holes are then generated. The



22

electrons are injected into an electron transport layer whereas holes are injected into a hole
transport layer. The injected electrons move towards the photo-electrode surface through
the TiO2 particles and create electrical current. However, low intrinsic mobility of TiO>
results in the unbalanced charge transport. This is the reason that TiO2 was replaced with
other electron transport materials such as Al:O3 [83]. Then, the extraction of those charge
carriers to the external circuit is made by TCO and counter electrode contacts. The
photocurrent of perovskite solar cells depends onthe incident light intensity, the efficiency
of charge injection in the excited state, the recombination rate of electrons and holes, and
the efficiency of charge transport in the conduction band of TiO2 to the counter electrode.
The open circuit voltage in perovskite solar cells is the energy gap between the conduction

band of TiO2 layer and the fermi level of hole transport layer [84].
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Figure 2.4 The energy band structure of a typical perovskite solar cell [42].

Based on the above discussion, the performance of perovskite solar cells depends

on various factors including but not limited to film structure, surface morphology, porosity
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of the layer, grain sizes, particle size of semiconducting (TiO2) layer, absorption
coefficient, crystal size of perovskite material, electron transport process and

recombination rates.

2.3 Characterization techniques of Perovskite thin films
2.3.1 X-ray Diffraction Spectroscopy
The distances between atoms in crystal structures is nearly equals to the wavelength
of X-rays. X-ray diffraction is a scattering of enhanced beams by spaced atoms in some
directions. By phase relationship between beams of elastically scattered X-rays, the beam
interference can be constructive and destructive. If the path length difference is equal to an
integer multiple of the wavelength of the X-ray beam, the interference is constructive As
shown in Figure 2.5 the path difference X-rays scattered from panels 1 and 2:
OA + OB = dsinf + dsinf . (2.8)
If OA+ OB is equal to the integer number of X-ray wavelength (), it is considered
as a constructive interference of scattered x-rays. Hence:
OA + OB = dsinf + dsinf = nAi, (2.9
2dsing =nAl (2.10)
where n=1, 2, 3, d is d-spacing, the repeating distances planes of atoms in the structure.
The Equation 2.10 explains the angular position of the diffracted beam and is also known
as Bragg’s Law. It is important to note that & used in Bragg’s Law is the angle between the

diffraction plane and the incident radiation. However, in experimental setups X-ray
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diffraction is usually expressed in terms of 26, which is the angle between the transmitted
and Bragg diffracted beams because of the geometry of the Bragg’s condition. In complex
crystal structures, it is likely to consider planes of unit cell instead of planes of atoms. The
phase and intensity of the waves scattered by each unit cell can be explained by structural
factor.

The structural factor is the sum scattered waves from all the atoms in the unit cell,
and it depends both on the position of each atom and its scattering factor. The structural

factor can be expressed as:

F(hkl) = X; fjexp[2mi(hu; + kv; + lw))], (2.11)
where fj is the scattering factor of atom j and uj, vj, and wj are the fractional coordinates in
the unit cell. The structural factor also depends on the distribution of atoms in the unit cell,

which affects the phase and the amplitude of the scattered wave.

Figure 2.5 The geometry of X-ray reflection by planes of atoms in a crystal [85, 86].

X-ray diffraction pattern is a unique for each crystalline structure. The main x-ray
diffraction parameters are peak position, shape, full width at half maximum (FWHM),

maximum intensity and symmetry of the peaks. Those parameters are useful for the
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crystalline structure analysis. The position of the diffraction peaks, the intensity of the
peaks, and the number of the peaks identify the exclusive crystalline structure for every
solid material. The number of peaks in the pattern are related to the symmetry of the unit
cell. The unit cells with high symmetry usually result in less number of diffraction peaks
in the pattern.

Every peak in the X-ray diffraction pattern represents a unique set of planes in the
crystalline structure that are oriented on different directions. The different sets of planes

and their orientation with respect to the unit cell are denoted by Miller indexes (h, k, I):

(%‘ 0, o) and (o, E , o) and (o, 0, —T) (2.12)

The peak position corresponds to the distance (dnki) between the reflection planes
(hkl) with the fixed x-ray wavelength. To determine the peak position, the following
techniques can be used. Those techniques are determining peak position directly from the
diffraction angle at the maximum before and after smoothing or fitting the measured line
with the mathematic function. The position of the peaks in the pattern can be also used to
analyze the lattice parameters for a particular unit cell. Table 2.1 lists seven main crystal

structures based on the length of three dimensions (a, b, and c) and three angles (a, B, and

Y).
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Table 2.1. The seven crystal systems and the restrictions placed on the lattice

parameters of the unit cell [67].

Crystal System Lattice Parameter

Restrictions
Cubic a=b=c

a=p =y =090
Tetragonal a=b#c

a=p =y =90
Orthorhombic a#b#c

a=pB=vy=090
Monoclinic a+b#c

a=p =90y £ 90°
Triclinic a+b#c

af B #y#90°
Hexagonal a=b#c

a=p =90 vy = 120°
Trigonal a=b#c

a=p =90 vy = 120°

X-ray diffraction is useful to calculate crystallite size of the material. It is important
to understand the difference between grain size and crystallite size of the material. A
crystallite is a single domain of solid-state structure that consists of a single phase. A grain
consists of a single material and can be either crystalline or polycrystalline. The crystallite
size of the coherent-diffraction-domain size can be found from Scherrer equation [87]:

KA
" Bcosh’

(2.13)

where B is the peak width of the diffraction peak profile at half maximum height (in
radians), Ais X-ray wavelength (in nanometers). The diffraction angle &can be in degrees
or radians, since the cosé corresponds to the same number. K is a constant related to

crystallite shape and index hkl. Crystalline size can be estimated by Scherrer formula with
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K=1. However, for more precise calculation, K needs to be estimated as a function of
crystal form and indices hkl.

The full width at half maximum (FWHM) is a width of the diffraction peak at a
height half-way between background and the peak maximum. FWHM contains the
information about average dimension of a crystalline size. The broadening of the peak is
also one of the important factors to evaluate crystalline volume average size or area-
average size. A decrease in the crystalline size causes an increase on the width of
diffraction. The broader the peaks of the pattern indicates smaller crystallite size and less

crystallinity of the material and its amorphous nature.

2.3.2 Scanning Electron Microscopy

The main part of a scanning electron microscope (SEM) is electrical column shown
in Figure 2.6. The electrical column is held in high vacuum. It usually consists of the
electron gun, magnetic lenses, scanning coils, backscattered electron detector, and
secondary electron detector. When the high 10-20 kV voltage applied between the anode
and the electron gun, the electron gun generates electron beam. This electron beam travels
through electromagnetic fields and lenses to focus the beam towards the sample. The
quality of image depends on the focus of the electron beam on the sample. The electric
scanning coils allow the beam to move all over the sample [88]. Finally, a number of
different signals such as X-rays, secondary electrons, and backscattered electrons are

emitted from the specimen and collected in order to generate SEM image.
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Figure 2.6 Main components of Scanning Electron Microscope [88].

Figure 2.7 represents a schematic of the incident beam on the sample. SEM
detectors collect X-rays, secondary electrons, and backscattered electrons to transform
them into a signal. This signal is sent to a computer to generate SEM image. Signals
collected from the electron and sample interaction contain information about the

morphology of the sample as well as chemical composition.
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Figure 2.7 Effects of the incident beam on the sample [89].

Electrons generated by the gun and accelerated through electromagnet field and
magnetic lenses carry kinetic energy that is dissipated into the sample. This energy is
dissipated and collected in the form of secondary electrons, backscattered -electrons,
diffracted backscattered electrons, X-rays, visible light, and heat. The secondary electrons
are used to generate SEM image. The backscattered and diffracted backscattered electrons
are used to determine the crystal structures of the material. X-rays are used to determine
the chemical composition and elemental analysis. X-ray are generated by inelastic
collisions of the incident electrons with electrons in discrete orbitals of atoms in the sample.
When the excited electron returns to its ground state, it generates X-rays of a fixed
wavelength. This wavelength is related to the electron energy level difference of the
specific element. X-rays generated by electron interactions do not cause the volume loss of

the material, hence SEM analysis is considered as non-destructive characterization method.
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2.3.2 Atomic Force Microscopy

Atomic Force Microscope (AFM) is one of the most advanced tools used for
imaging the surface at the nanoscale level. The signals are collected by an ultra-sharp tip
scanning over the surface of the sample. Figure 2.8 shows the schematic of the main AFM
components. The main components of AFM tool are a piezo scanner, laser diode, a
cantilever, and diode laser detector. The sample is placed on the sample holder stage
located below the piezo scanner. The piezo scanner consists of three electrodes that
precisely scan the surface of the sample in x- and y-direction and move the sample in z-
direction. A cantilever is mounted to the lower end of piezo scanner via spring clip at one
end. The other end of the cantilever equipped with a tip radius of curative on the order of
nanometers. When the tip is placed close to a sample surface, the tip and the sample start
to interact. The forces between the sample surface and the tip cause a deflection of the
cantilever in agreement with Hooke's law [90]. When a laser beam from the laser diode is
focused onto the surface of the cantilever, the laser beam is deflected due to the cantilever
and sample interaction. The deflection of the laser is measured by the detector. AFM is
capable to detect variety signals such as van der Waals forces, electrostatic forces,
mechanical contact force, and magnetic forces. During the scanning process, the tip
interacts with the topographic features of the sample surface, which causes the deflection
of the cantilever. This causes the reflected laser beam to change the direction thus the
intensity of AFM signal. To adjust the distance between the tip and the sample and maintain
a constant force between the tip and the sample, the feedback mechanism is applied. The
deflection signal creates the deflection image, and the feedback signal is used to create

AFM height image.
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Figure 2.8 Block diagram of Atomic Force Microscope [91].

AFM can operate in three different modes depending on the tip and sample
interaction forces as represented in Figure 2.9. When the tip is not in the contact with the
sample and placed in the distance of attractive forces, the imaging is done in non-contact
mode. If the tip is placed in mechanical contact with the sample surface in the net of
repulsive forces, the imaging is carried out in the contact mode. In the case when the tip
oscillates between attractive and repulsive forces, the imaging regime then called as

tapping mode [92, 93].
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Force

Figure 2.9 Force vs distance diagram and AFM imaging modes [94].

Tapping mode is typically used for high resolution topographic and phase images.
This mode is also called as intermittent contact mode. A firm cantilever oscillates nearly
the surface of the sample. The enhanced lateral resolution and elimination of drag over soft
samples are advantages of tapping mode compared to standard contact mode. In contact
mode, the tip is touching the surface of the sample and continuously in tune to maintain a

constant deflection. The adjustment of the deflection is used to generate the image.

2.3.2.1 Current Sensing Atomic Force Microscopy

Current Sensing Atomic Force Microscopy (CS-AFM) is an advanced Scanning
Probe Microscope (SPM) mode capable for studying of localized electric properties of a
sample. It is very useful for electrical characterization of variety of materials including
semiconductors, conducting polymers, ferroelectric films, dielectric films, etc. I also can
be used for studying charge transport processes in single molecules. CS-AFM is suitable

for localizing defects in thin films and for determining electronic and ionic processes in
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cell membranes. It has proven useful in joint I/V spectroscopy and contact force
experiments as well as contact potential studies.

CS-AFM operates in contact mode with the use of electrically conductive
cantilever. An electrical current generates upon applying a voltage bias between the
conductive cantilever and the sample substrate. The current signal is being collected and
the conductivity image is created. During CS-AFM mode, the topography and conductivity
images are generated simultaneously. This allows for direct correlation of local topography
with electrical properties at nanoscale [95]. When the topography image is generated, the
local current vs. voltage measurements are possible. During the characterization of the thin
film samples, the conductive tip can behave as a metal electrode with the area determined

by the tip-sample contact region.

2.3.2.2 Kelvin Probe Atomic Force Microscopy

Kelvin Probe Atomic Force Microscopy (KPAFM) or Surface potential microscopy
is based on AFM setup and operates in non-contact mode. KPAFM determines the work
function based on the electrostatic forces between the tip and the sample [96]. When the
tip and the sample are brought in contact, anet electric current starts to flow between them
until the Fermi levels were aligned. The conducting tip and the sample material can be
characterized by work functions. The work function is the difference between the vacuum
level and the Fermi level. The difference between the work functions of the tip and the
sample is called the contact potential difference (CPD) [97].

A conductive tip oscillates at the first resonant frequency of the cantilever during

the scan. The topographic data is taken by controlling the atomic force between the tip and
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sample. Besides the atomic force, an electrostatic force exists between tip and sample
because of the electric field between them. This electrostatic force determines the contact
potential difference between the tip and the sample. In this system, the cantilever is a
reference electrode that forms a capacitor with the surface of the sample [98]. For the
measurement a voltage (V) is applied between tip and sample, consisting of a DC bias Vbc
and an AC woltage Vac sin(wt) of frequency ®. The electrostatic force is detected by
applying an alternating current AC voltage to the tip and using a lock-in amplifier. In order
to avoid the interaction between the topographic and electric signals, the AC voltage
frequency is usually set either at the second resonant frequency or far off the first resonant
frequency [99]:

V= ye + Vepp) + Ve sin(wt), (2.14)
where Vcpp is the contact potential difference.

The electrostatic force (F) can be found by differentiating the energy function

with respect to the separation of the elements

F=1%yp2 (2.15)

2dz
where C is the capacitance, z is the separation, and V is the voltage, each between the tip

and the surface.

2.4 Charge transport at Metal - Semiconductor interface
It is important to understand the charge transport mechanisms at metal-
semiconductor interface since they are present in every semiconductor device. Figure 2.10

shows the energy band diagram of metal-semiconductor junction. Depending on the
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characteristics of the interface, metal-semiconductor junctions can behave either as a
Schottky barrier or as an ohmic contact.

An ohmic contact is a metal-semiconductor junction that allows current to flow
equally in both ways [100]. In case of n-type semiconductor, the work function of the metal
should be smaller than the electron affinity of the semiconductor of close to it. In case of,
p-type semiconductor, the work function of the metal should be larger than the sum of the
electron affinity and the bandgap energy. It might be challenging to find a metal to create
an ohmic contact to p-type semiconductors with a wide bandgaps similar to SiC anf GaN
because the work function of most metals is less than 5 lots and a typical electron affinity
is about 4 V [101].

Schottky barrier occurs when the difference between work functions of
semiconductor and metal determines the potential barrier height. When metal makes a
contact with semiconductor, a potential barrier is created at the interface from the
separation of charges. Charge carriers must have sufficient energy to pass over the potential

barrier [102].
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Figure 2.10 Energy band diagram of metal-semiconductor interface [85].
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The Schottky barrier height can be expressed as:

bp = O — s +E. — Ef, (2.16)
where ¢m IS the work finction of the metal, and the ¢@s is the work function of the
semiconductor, respectively. Es is the fermi energy, and Ec is the conduction band of the
semiconductor.

The Schottky diode equation can be expresses as:

[(V) = C(exp(=DV)—1), (2.17)
where,
C = ARTZexp(—2%), (2.18)
and
e
D= (2.19)

In the Equation (2.19) T is the temperature, Ky is Boltzman constant, e is electron
charge, and R is coefficient:

* kz
R =R (2.20)

where his Plank’s constant and m* is electron effective mass.
Schottky emission model also can be applied to explain the current between

semiconducting substrate and AFM tip (I):
I = Cexp(I:TVT). (2.21)

where T is the temperature, V is the voltage applied between the tip and the sample, and C
is the coefficient. The I-V curves measured by CS-AFM can be fitted using the Equation
(2.19) to find C.

To find Schottky height barrier one can use the following equation:
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¢p = kpTIn(A,; RT?/C, (2.22)
where Aettis the effective contact area between the semiconducting substrate and AFM tip.
If a semiconductor is doped strongly enough (10%° cmy2 or higher), it will form a
potential barrier short enough for electrons to have a high probability of tunneling through.
At the metal-semiconductor interface, if the width of the potential barrier is thin enough,
within a range of few nanometers or even less, carriers can easily tunnel through this
barrier. This type of contact is called a tunnel contact. The tunneling current depends on
the barrier height. Tunneling is the quantum mechanics phenomenon when a particle can
pass through the potential barrier due to a particles wave nature. The tunneling
phenomenon is also studies at the metal-semiconductor interface.

The charge transport processes at metal-semiconductor interface and any DC
current of a device can be divided into the ohmic regime, the space-charge-limited-current
regime (SCLC), trap free voltage limit, and trap free SCLC regime as represented in Figure
2.11. In the ohmic regime, the current density is proportional to the electric field, J~V. This
is equal to a sample resistance.

The space-charge-limited-current regime (SCLC) arises when the charge
concentration is insignificant compared to the injected charge concentration. In SCLC, the
current is proportional to the square of the electric field, J~V2. This means that the charge
concentration is high near the injecting electrode and decreases significantly away from
the electrode. When higher bias applied, the trap levels are filled. This region is voltage
trap free limit. Beyond this limit, the traps are occupied with free charges, and the device

pass in the trap-free SCLC regime, J~V2.
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Figure 2.11 Types of DC current at metal-semiconductor interface [103].

The local J-V curves measured with CS-AFM can be used to extract local charge
carrier motilities by fitting the data with the space charge limited current (SCLC) model
[104]. The SCLC model is based on Mott-Gurney law and takes into account the ratio of
the tip diameter to the sample thickness [105]. Fitting the CS-AFM J-V curves with SCLC
model yields values of charge carrier mobility. In contrast, in ohmic conduction regime,
the current is dominated by mobile charge carriers intrinsically presented in the material.

In SCLC system, the current dependent mostly on the mobility of charge carriers
rather than the charge carrier density. It is driven by charge carriers injected from the
contacts. These charge carriers cause a field gradient, which limits the current density. An
electric field causes charge carriers to reach a specific drift velocity that is parallel to the
direction of the field. This condition usually applies for doped semiconductors and
insulating materials. The mobility (W) is proportional to the magnitudes of the electric field
(E) and drift velocity (v):

v =uE (2.23)
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The drift current Gauss's law can be expressed by

] = qpuE, (2.24)
d4E _ ap
— =" (2.25)

where J is the current density, p is the carrier density, q is the elementary charge. The

carrier density can be eliminated to yield:

L =g (2.26)
Eu dx
After the integration from O to x, with the assumption that the electric field equals

zero at x=0:

Jx  E?
a - ?, (2.27)

Integrating once again from x= 0 to x = d with V(0) =V and V(d) = 0, one finds:

3
— (YEdx = |22
V= fo Edx —J;3/2 (2.28)
from which one obtains the expression for the space-charge-limited current based on Mott-

V2

Gurney law [106]: | = ZEML—3,

(2.29)

where Jis the current density, V is applied voltage bias, L is the thickness of the thin film,

W is the charge carrier mobility, £is the relative dielectric constant of the thin film.
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CHAPTER 3. EXPERIMENTAL PROCEDURES

This chapter discusses experimental procedures related to fabrication processing of
lead free perovskite thin films and solar cell devices. The characterization techniques and

procedures are also described.

3.1 Fabrication of CH3NH;sSnl; perovskite solar cells

3.1.1 Preparation of photoelectrodes

Fluorine-doped tin dioxide glass substrates were dipped into acetone solution and
ultrasonicated for 10 minutes. The substrates were then rinsed with de-ionized (DI) water,
followed by ultrasonication for 10 minutes in isopropanol (IPA) solution. Finally, the

substrates were rinsed with DI water and dried with compressed nitrogen gas.

3.1.1.1 4 nm TiO, particle synthesis

A magnetic stir bar and 240 mL of 0.1M HNO3 were added to the 500-mL
Erlenmeyer flask. The flask was placed on a stirring hotplate. 40 mL of titanium
isopropoxide was slowly poured into the Erlenmeyer flask, with rapid stirring. The titanium
isopropoxide instantly hydrolyzes when in contact with the nitric acid, forming titanium
dioxide. Once all of the titanium isopropoxide has been added, the hotplate was set to 80°C,
ensuring that the solution is still stirring rapidly. The reaction was run for 16 hours.

When the solution became a translucent white, the heat and stirring were turned off,
and the solution was cooled for 10-15 minutes. A stir bar extractor was used to remove the
magnetic stir bar, making sure not to touch the solution. Then, the Erlenmeyer flask was

moved to the rotavap, and the hot water bath was set to 40°C. Once asolid that was obtained
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became dry, the flask was removed from the rotavap, and the content was poured into the

mortar. The solid TiO2 was grind into a fine, consistent powder, using a mortar and pestle.

3.1.1.2 Compact TiO, sol-gel preparation

The 0.5 g of 4 nm TiO2 particles was placed into a vial, and 2 g of DI was added.
The vial with TiO2 was sonicated until the TiO2 dissolved into the water. Then, 0.2 g of
Triton X-100 was added into the vial, and the solvent was sonicated again for 5-10 minutes

to ensure that the Triton X-100 is evenly distributed throughout the solution.

3.1.1.3 Deposition of TiO, compact layer

The precursor 0.15 M and 0.3 M solution for compact TiO2 was prepared using
titanium diisopropoxide bis(acetylacetonate), 75 wt.% solution diluted in 2-propanol. Each
layer made of 0.15 M and 0.3 M compact TiO2 solutions were spin coated onto cleaned
and dried FTO-glass substrates at 4500 rpm for 30 sec followed by annealing at 450 °C for

30 min and then cooled down to room temperature.

3.1.1.4 Deposition of active TiO; layer

1 g of TiIO2 (Dyesol 18NRT with particle size 20 nm) was diluted with 4.436 ml of
ethanol and then the mixed solution was spin coated at 5500 rpm on top of the compact
layer of TiO2. The thickness of mesoporous TiO2 is approximately 600 nm. The
mesoporous TiO2 coated substrates were annealed again at 450 °C for 30 min, and then

cooled down to room temperature.
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3.1.1.5 Post-treatment s of TiO, electrodes

The preparation of post treatment solution consists of 20 ml DI water and 55 of TiCls.
First, 554 of TiCls was added to 20 ml of DI water. The solution was placed inside
refrigerator. The prepared TiO2 substrates were placed inside vials and then treated with
prepared TiCk solution for 30 min at 70 °C. Then, the treated substrates were rinsed with
DI water and then ethanol followed by annealing at 450 °C for 30 min. The substrates were
cooled down to room temperature. Finally, substrates were transferred inside glove box for

depositing the CH3sNH3Snls layer.

3.1.2 Preparation of the CH,NH3Snl; active layer

To prepare precursor solutions, equimolar quantities of CH3NHzsl and Snlz with a
concentration of 40 wt% was dissolved in a mixed solvent of DMF and DMSO-GBL with
a ratio 3.5:7. The schematic of the active layer deposition is shown in Figure 3.1. The
precursor solutions were spin coated onto TiO2 coated substrates to form a dark-brown tin
perovskite layer. Because the CH3NH3Snls gradually decomposed in air, all the preparation
of CH3NHsSnls films were performed in nitrogen glove box to avoid hydrolysis and

oxidation of tin perovskite layer in contact with ambient air.
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Mesoporous TiO2

Compact TiO2

Figure 3.1 The schematics of the active layer of CH3sNHzsSnls layer deposition.

3.1.3 Fabrication of counter electrodes
The counter electrode of 100 nm silver was prepared using thermal evaporation to
form back contact of the device. The device fabrication and characterization was carried

out under controlled environment inside a nitrogen glovebox.

3.2 Characterization of prepared devices and thin films

The characterization of fabricated counter electrodes was carried out with UV-VIS
analysis, morphology analysis based on Scanning Electron Microscope, Atomic Force
Microscope, and X-ray diffraction. The characterization of lead free perovskite device was

based on current-voltage (I-V) measurements.
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3.2.1 Current-Voltage (I-V) measurement

The schematic of experimental arrangements for current-voltage measurements for
solar cell device is shown in Figure 3.2. The voltage power supply (Newport 6991C) was
connected to the AM 1.5 filtered solar simulator (xenon (Xe) lamp, Newport 67005) and
set to 300 watts. Xe lamp was turned on 20 minutes before the calibration of the light

intensity from the solar simulator.

Solar cell AM 1.5 filter

SMU1

(N eort 065)

(Newport 6991)

Figure 3.2 The schematic of experimental setup for IV measurements.

A reference cell, NREL calibrated Hamamatsu S1133-14 photodetector, was placed
vertically in a sample holder as shown on Figure 3.3, so that the light from the solar
simulator was normally incident on the solar cell.

The leads of the cell were connected to semiconductor (SC) parameter analyzer
(Agilent 4155C), which measures the 1-V response of the sample. SMU1 (source/monitor

unit) sweeps the applied bias and SMU2 measures the current. The intensity of the lamp
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was adjusted by verifying the vertical (dv) and horizontal (dn) distance between the
reference cell and Xe lamp until the short circuit current (lsc) was 1.63 mA. Appendix 1
provides the NREL document data for calibrated Hamamatsu S1133-14 photodetector.
Once the light intensity of the lamp was calibrated, the reference cell was removed, and

solar cells under test were placed in exactly the same place previously occupied by the

reference cell so that the intensity of the light source was equal 1000W/m?,

Figure 3.3 The experimental setup for calibrating the light intensity of solar simulator.

The biased voltage applied by Agilent 4155C SC Analyzer was swept from 0 V to
+1V in the step of 10 mV. The data of the bias voltage and corresponding current produced

by the cell were measured and recorded under illuminated conditions.
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3.2.2. Scanning Electron Microscopy

The morphology analysis was carried out using Hitachi Model S-3400N Scanning
Electron Microscope. The CH3NH3Snl3 samples were placed on the sample holder inside
the nitrogen glovebox using conductive tape. Then, the samples were loaded in the SEM
vacuum chamber immediately after they were taken outside of glovebox to avoid the
degradation of the samples upon contact with oxygen and water molecules present in

ambient air. The best quality images were taken under 15 kV applied bias.

3.2.3 UV-VIS spectroscopy measurements

Agilent 8453 UV-VIS spectrophotometer G1103A was used to measure absorbance
spectra of CH3NH3Snl3 films. Before measuring the absorption of samples the baseline
correction was performed using blank sample. For accurate measurements, the blank and
the sample absorption measurements closely followed each other. The blank sample was
consisted of compact and mesoporous TiO2 layers deposited on cleaned FTO-glass
substrate. The fabrication procedure was described in section. The sample was placed in a
sample holder, and the measurements were run by sweeping the wavelength from 300 nm

to 1400 nm and recording the absorption at the specific wavelength.

3.2.4 X-ray Diffraction

X-ray diffraction data was measured by Rigaku SmartLab diffractometer. The
wavelength of the X-ray source was 1.54 A generated by copper tube when 44keV of
accelerated voltage was applied. The X-ray was scanned from 10° to 80° of 20 axes. The
samples we placed on the sample holder horizontally and kept stationary. Figure shows a

picture of XRD experimental setup. The x-ray source, the detector, and sample can be
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rotated by goniometer. The source of X-ray and the detector are rotating along z- as shown

in Figure 3.4, and the X-ray beam intensity is recorded as a function of 20.

Figure 3.4 Photo of X-ray Rigaku SmartLab diffractometer.

3.2.5 Atomic Force Microscopy

AFM measurements were conducted using an Agilent 5500 microscope inside a
glove box under dry nitrogen environment. AFM imaging was performed using Picoview
1.14.2 software provided by Keysight technology. This dedicate software tool employs a
specific algorithm to determine the peaks and valleys for the surface morphology. The
segmentation method can be applied to determine grain or particle sizes. The images were
processes using Gwydion software. The measurements were performed on
FTO/TiO2/CH3sNH3Snl2 substrates. Different areas of the samples were scanned to confirm
the consistency of the results. All AFM measurements were performed in a hermetically

sealed glovebox chamber under dry nitrogen atmosphere.
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3.2.5.1 Current Sensing Atomic Force Microscopy

Current Sensing Atomic Force Microscopy was used to perform local current
mapping and topography over the sample surface. The experimental setup is presented on
Figure 3.5. The ultra-sharp conducting probe makes a contact with a sample surface and
measures the current signal as a function of applied bias. The conductive tip acts as metal
contact probe with an active area determined by tip-sample contact region. The applied
bias is either applied voltage or optical bias. A voltage bias can be applied between the tip
and the sample while cantilever is kept at virtual ground. An optical bias can be applied by
illuminating a small area on the sample from the bottom with 0.5 sun illumination. The

current signal generated as a function of applied bias is used to construct the image.

CH3NH3SnlI3
TiO2

I FTO classil

1>

Light source

Figure 3.5 The experimental setup of characterization of CHsNH3sSnls film using AFM.

Agilent 5500 AFM was equipped with a special 4-pin nose cone containing a build-
in preamplifier shown in Figure 3.6. The sensitivity of the preamplifier was 0.1 nA/V and

operational range from 1 pA and 1 nA. The measurements were performed in contact mode
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using Al coated Si tip (Budget Sensors, radius 20 nm, tip force was 0.2 N/m, resonance
frequency ~14 kHz). The deflection of the cantilever was held constant throughout the scan
to maintain a constant force between the tip and the sample. The measurements were
performed at the lowest set point regimes when the tip softly touches the surface, which is
important to collect the signal without damaging the surface of the sample. The scan speed

was 0.45 I/s.

Figure 3.6 4-pin current sensing nose cone equipped with a build-in preamplifier.

Current sensing images and topography images were taken simultaneously. In this
experimental setup, the background noise was about 5 pA and any current signal above this
level was detectable. The local current was measured as a function of the applied electrical
bias at certain points on the surface producing local 1-V plots. While measuring local 1-V,
the feedback loop was enabled to ensure that the force applied by the cantilever was kept
constant. After every I-V measurement, the same region was scanned again to ensure that

there no damage to the sample surface occur.
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The sample stage was modified in the way that it had an ample room at the bottom
where the sample was illuminated with the laser as can be seen from the Figure 3.7. To
avoid leakage of current/voltage during CS-AFM measurements, the stage was modified
in the way that there is no electrical contact between the sample and the stage flat platform

that is grounded.

Electrode

Figure 3.7 Sample stage for CS-AFM measurements.

The contact between the electrode bolt and the stage platform was isolated with
plastic washer. After that all the contacts were checked with volimeter to assure that all
contacts are secure. The modifications were made at SDSU Electrical Engineering

department machine shop.

3.2.5.2 Kelvin Probe Atomic Force Microscopy

Surface potential measurements were performed using Agilent SPM 5500 Atomic
Force Microscope equipped with a MAC I1l controller, which consist of three lock-in
amplifiers. A Budget Sensors Multi 75-EG tip with Pt-Ir coating was used for scanning.

The first resonant frequency of 67 kHz was fed into the first lock-in amplifier, and the
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second resonant frequency of 5 kHz was fed into the second lock-in amplifier. The first
lock-in amplifier was used to conduct the topography and phase imaging while the second
lock-in amplifier was used for surface potential (KPAFM) measurements. The electrostatic
amplitude of 0.2 V was achieved with the DC offset of -3V and the 15% drive percentage
of the second lock-in amplifier All KPAFM measurements were carried out inside the
glove box with Oz and Hz0 level < 0.1 ppm to eliminate the effect of oxidation of the

samples.
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CHAPTER 4. RESULTS AND DISCUSSION
Chapter 4 presents the results from the experiments outlined in chapter 3. This
chapter includes results and discussion from X-ray diffraction, UV-VIS, surface
morphology, and optoelectrical characteristics of CH3NH3Snl3 perovskites in comparison

with CH3NHzsPbls.

4.1 CH3NH3;Snl; perovskites compared to CH3NH3Pbls counterparts

To point the differences and similarities of CH3NH3Snls and CH3NHsPbls material
structure, XRD measurements were performed. Figure 4.1 shows XRD data of (a)
CH3sNHasSnlz, (b) CHsNHsPblz, and (c) TiO2> recorded from Rigaku SmartLab
diffractometer. Peaks at 26°, 34°, 38°, 45°, and 52° shown in Figure 4.1 (c) attributed to
TiO2 and FTO and having anything to do with the perovskite itself [107]. As can be seen
from Figure (a) and (b) 14°peaks were pretty similar for both tin and lead based
perovskites. However, the intensities of the peak were different. The intensity of tin based
perovskite film was showing higher intensity at 14°, which will be discussed later in this
section. Peaks at 25°, 28°, 32°, 41°, and 43° can be attributed to CH3sNHsSnl3 were

observed as similar to the literature [43].
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Optical absorption of CH3sNHsSnl3 film compared to CH3NHsPbls film are shown
in Figure 4.2. As can be seen from the figure lead based thin film has higher absorption
from 350 nm to 570 nm with sharp absorption edge of 770 nm. The optical (UV-VIS)
absorption of CH3sNH3Snls thin film on the other hand shows broader absorption spectrum
with absorption edge at approximately 1000 nm, which was in agreement with other

literature [52].

CH3NH3SnI3
CH3NH3PbI3
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Figure 4.2 UV-VIS absorption spectra of CHsNHsSnls film compared to CHsNH3sPbls
film.

SEM images of CH3NHsSnl3 film compared to CH3NHsPbls film are represented
in Figure 4.3. The lead based films showed uniform film with great degree of coverage
whereas tin based films showed big (10-15 pm) crystalline platelets in addition to the
material that penetrates to the pores of mesoporous TiO2 [52]. Those platelets were

unevenly distributed all over the surface of the film. Some of them are closely packed
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together while others were distant from each other. These crystalline platelets can explain
the high intensity peaks of tin based film observed in XRD data. Since CH3NHz3Snl3 film
crystallizes at room temperature, these crystalline formations of top of the surface were
formed during the spin-coating process. Lead based thin film requires heating and

crystalized during the annealing process.

15.0kV 11.6mm x750 SE

Figure 4.3 SEM images of (a) CH3NH3sSnl3 film compared to (b) CH3NHsPbls film.

AFM topography image 5x5 um of (a) CH3sNH3sSnls film and (b) CH3sNHsPbls film
are shown in Figure 4.4. The grains varying in size between 20 and 200 nm were found in
both structures. The tin based film had a surface roughness (Rrms) of 13.18 nm and lead

based film surface roughness of 10.75 nm.
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Figure 4.4 AFM topography images of (a) CH3NH3sSnl3 film compared to CH3NH3Pbls

film.

Local current signal from CS-AFM mapping of (@) CH3NH3sSnls film and (b)
CHsNHsPbls film are presented in Figure 4.5. Cr-Pt tip was used to collect the local CS-
AFM current signal. In the dark and without applying electrical bias, there was no
noticeable current observed for both samples. The measured current was in the range of
between 300 fempto Amps to 431 fempto Amps, which can be attributed to the background

noise of the instrument. This indicates a negligible effect of topography on current images.
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Figure 4.5 CS-AFM images performed in the dark at 0 V for the sample processed from

(@) CH3NH3sSnI3 film compared to (b) CH3sNHsPbls film.

Photocurrent mapping of (@) CHsNHsSnlz film and (b) CHsNHsPbls film are
presented in in Figure 4.6. When illuminated, the maximum short-circuit photocurrent of
CHsNH3Snl3 was = -916 fempto A, whereas maximum in photocurrent of CH3NHzsPbls
was ~ -29pA. This indicates that the lead based film extracts more excited charge carriers
compared to tin based thin film. The reason for low local photocurrent of tin based thin
film can be attributed to the work function mismatch between Cr-Pt tip and conduction
band of CH3NH3Snls, which can a barrier for the collection of holes. This indicates that

the conduction band of CH3NH3Snls is higher compared to CHsNHsPDbls.
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Figure 4.6 CS-AFM images when illuminated at 0.5 sun illumination and 0 V bias

voltage for the sample (a) CH3sNHsSnls film compared to (b) CHsNHsPbls film.

A schematic of nanoscale charge injection and energy band diagram of (a)
CHsNHzsSnl3 compared to (b) CH3sNHsPbls are shown in Figure 4.7. The values of energy
band diagrams were choosen as from the litersture [42, 108, 109]. Under illumination, the
electrons were promoted from the valence band to the conduction band of CHsNH3Snls of
CH3NHsPbls film, transferred to TiO2 and collected at the FTO electrode. The holes were
collected by Cr-Pt tip, meaning that the current from CS-AFM measurements may be
considered as a hole current. Since the direction of hole current under illumination was
toward the tip, the measured values of the CS-AFM current have negative value as can be
seen from Figure 4.7. It can be seen that Cr-Pt tip was not a good match for the holection
of hole. This also means that to make a good working CHsNH3zSnls device the materials
for the hole transport layer and back contact electrole should have a work function higher

than the conduction band of CH3sNH3Snls.
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Figure 4.7 Band diagram showing charge collection of photocurrent of (a):
CH3NHz3Snl3/TiO2/ FTO/glass heterojunction compared to (b):

CH3NHzsPDbls/TiO2/FTO/glass heterojunction structure using Cr-Pt-coated conductive tip.

Figure 4.8 shows CS-AFM images under positive (+1V) bias applied on FTO
electrode for (a) CH3sNHsSnl3 and (b) CHsNHsPblsz films. The local current of CH3NHsSnl3
film under positive bias reached up to 1 nA whereas the local current of CHsNH3sPbls film
was up to 0.7 nA. It confirmed that CH3NH3Snls can be a good electron transporter.
However, in case of CH3sNH3Snls there is a tendency towards oxidation which causes the

material to be doped with Sn** thus behaving as p-type upon oxidation [46].
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Figure 4.8 CS-AFM images when positive (+1V) bias applied on FTO electrode for (a)

CHsNHzSnlz and (b) CH3NHzsPbls films.

Figure 4.9 shows AFM topography (a), (c) and surface potential (b), (d) 1pmx1um
images of CHsNH3sSnl3 and CH3NH3Pbls films, respectively. The grain size of lead based
film was around 200 nm while that of tin based film was around 400 nm. It can be seen
that the sirface potential of lead based perovskites was higher than tin based film. The
maximum surface potential difference of CH3NH3sSnlzis 0.19 V while CHsNHsPbls has its
maximum of 0.3 V. The higher surface potential of CHsNH3sPbls film can be attributed to
lower surface defects caused by dandling bonds. These dangling bonds act as a trap center
for electrons [28]. It was also noticed that surface potendial difference is not even all over

the surface for both samples.
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Figure 4.9 AFM topography (a), (c) and surface potential (b), (d) 1pm x1pum

images of CH3sNH3Snl3 and CH3sNH3Pbls films, respectively.

For more detailed analysis of surface potential difference and morphology of both
films, the line scanning profiles of topography and surface potential are presented in Figure
4.10. From line profiles of both CH3NH3sSnlz and CH3NH3Pbls can be seen that higher
surface potential was at grain boundaries rather than within the interior of the grains. This
was attributed to downward energy band banding at the edge of grain boundaries, which

can be addressed to minority carriers in p-type material [110, 111].
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Figure 4.10 The line scanning profiles of topography and surface potential of (a)
CHsNHsSnlz and (b) CH3NHsPbls films, respectively.
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To investigate the stability of CH3sNH3Snl3 absorber layer compared to CHsNH3sPbls
counterpart, the comparative analysis was performed.

Figure 4.11 (b) shows the line profile conductivity extracted from AFM images
under positive (+1V) of CH3NHsPbls. The conductivity measurements were taken right
after the fabrication and after 24 hours. It can be observed that the current was decreased
from 0.6 nano Amps at peaks down to 0.2 nano Amps at peaks. This means that the
conductivity of the lead based film degraded within 24 hours. The sample was stored in
nitrogen filled environment to eliminate the sample contact with oxygen and water
molecules from ambient air environment. This indicated that the electrical properties of
CHsNHsPbls material are not stable and changes after the fabrication [27].

The similar behavior was observed for CH3sNH3sSnls film as can be observed from
Figure 4.11. The conductivity was decreased from 1 nano Amp at peaks down to 0.2 nano
Amps at peaks within 24 hours. The CH3sNHsSnls sample was also kept in nitrogen
environment to avoid exposure to ambient air. Similarly to CHsNH3zPbls counterpart, the
electrical properties of CH3NHsSnlz material keep changing after the fabrication process
without presence of oxygen and water molecules. This changes can be attributed either to
the presence of nitrogen or internal chemical processes inside the material, or combination

of both.
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Figure 4.11 The line scanning profiles of the conductivity extracted from AFM images

under positive (+1 V) of (a) CH3sNH3sSnls and (b) CH3NHsPbls films, respectively.
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4.2 Electrical and morphological properties of CHzNH3Snl; film based on different
preparation method

To investigate the material structure and purity, XRD measurements were
performed. The diffraction patterns obtained in Figure 4.12 was in good agreement with
literature data and corresponds to the perovskite structure type crystallized in the P4Amm
pseudocubic space group at ambient conditions [112]. It was investigated earlier that the
crystal structure of CH3NH3Snls transforms to a lower-symmetry tetragonal structure as
observed for Pb analogue at low temperatures. This transition occurs through two stages at
temperature of around 275 and 100 K [45]. The structure of CH3sNH3Snls is constructed of
a network of corner sharing [Snle]* polyhedra that encompass an organic cations,
[CH3NHs]*. It was noted that the organic monovalent cation [CH3NHs]* is highly
disordered and free to rotate at high temperature because the thermal energy surpasses the
energy barrier between different stable configurations[113, 114]. The distortion from the
cubic (Pm-3m) structure occurs from orientational polarization of the [CH3NHzs]* cations
along the C-N bond direction. This distortion inflicts the three-dimensional [SnI3]-
inorganic lattice [46]. It was also discussed that the organic [CHsNH3]* cations do not
contribute to the formation of the valence band or the conduction band. They only play role
in donating electrons [51].

The lattice constants for DFM and DMSO-GBL based compounds were calculated
as 6.24 A and 6.23 A with the lattice strains of 0.0217 and 0.023, respectively. The volume
average crystallite size of DMF based films was estimated at 27 nm, whereas that of
DMSO-GBL based one was 25.4 nm. From the XRD plot in Figure 4.12, it can be clearly

seen that DMF based CH3NHsSnls film has higher intensities of the peaks at 14° (100) and
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28° (200). This indicates that DMF based material has higher crystallinity compared to the
DMSO-GBL based one, which was in agreement with the SEM analysis. The higher 14°
and 28° peak intensities can be attributed to the crystalline platelets formed on the top of

the surface shown in Figure 4.13.
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Figure 4.12 XRD spectra of CH3NH3Snl3 processed from the (a) DMF and (b) DMSO-

GBL solvents
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Figure 4.13 shows SEM images of CH3NHzsSnl3 films spin-coated on mesoporous
TiO2 at 4500 rpm from (a) DMF and (b) DMSO-GBL solvents. The DMF based
CHsNH3sSnlz film show large randomly oriented cubic-like platelets with a size of ~ 15-20
pum. These platelets were formed on the top of the surface in addition to the CH3NH3Snl3
that fills the pores of mesoporous TiO2 [52]. The DMSO-GBL based CH3sNH3Snls film

appears to be smooth and uniform with asmall grain size. This suggests that film formation

of CH3NH3Snl3 can be controlled with precursor solvents.

Figure 4.13 SEM images of CHsNH3zSnls films processed from (a) DMF and (b) DMSO-

GBL solvents.

The optical properties of CH3NH3Snl3 prepared from DMF and DMSO are shown in
Figure 4.14. The optical absorption characteristics of CH3NHsSnls material show
broad absorption edge at approximately 950 nm. The optical bandgap of CH3NH3Snl3 was
estimated at 1.3 eV, which was in good agreement with literature [51, 52]. CHsNH3zSnlz
material showed higher absorption processed from DMF than that made from DMSO-

GBL.
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Figure 4.14 UV-Vis spectra of CHsNHsSnls processed from DMF and DMSO-
GBL, respectively.

The effects of morphology on photocurrent and nanoscale charge transport are also
studied. Figure 4.15 shows a spatial topography map (2umx2um) of the surface of
CHsNH3SnI3/TiO2/FTO/glass heterojunction structures based on DMF and DMSO-GBL,
respectively. The grains varying in size between 20 and 200 nm were found in both
structures. The DMF based film has higher surface roughness (Rrms =1.85 nm) in contrast
to DMSO-GBL film (Rrms = 0.68 nm). Comparing DMSO and GBL solvents, DMF has
relatively lower boiling point (152°C) and higher saturated vapor pressure (2.7 Torr at
20°C). A lower boiling point and its corresponding higher evaporation rate resulted in a
more rough film (Rrms =1.85 nm). A comparative study with CH3NH3zSnls based on DMF
and DMSO showed that DMSO solution derived CH3sNH3zSnlsz perovskite films form
ultrasmooth film, resulting in higher short-circuit photocurrent density [60]. On the
contrary, other reports stated that rough surface with large grain size of perovskite film was

a signature to the high light harvesting efficiency, which can reduce charge recombination
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[115]. In order to find a correlation between short-circuit photocurrent and the morphology
of CH3NHsSnlz perovskite, local photocurrent mapping of CH3NH3zSnls film using CS-

AFM was performed.
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Figure 4.15 AFM topography images of CH3NHsSnls films processed from (a)

DMF and (b) DMSO-GBL solvents.
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Figure 4.16 CS-AFM measurements performed on CHzNH3Snls/TiO2/FTO/glass
heterojunction structure: (a) photocurrent image under illumination for the sample made
from DMF; (b) photocurrent image under illumination for the sample processed from
DMSO-GBL; (c) current image taken in the dark at 0 V for the sample made from DMF;

(d) current image taken in the dark at 0 V for the sample processed from DMF.

Photocurrent mapping of CH3NHsSnls/TiO2/FTO/glass heterojunction structures
made from DMF and DMSO-GBL are shown in Figure 4.16 (a) and (b), respectively. In
the dark, there was no noticeable current observed in Figure 4.16(c) and (d), indicating a
negligible effect of topography on current images. In the dark, the measured current was

in the range of between 5.77 to 5.92 pA, which can be attributed to the background noise
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of the instrument. When illuminated, the maximum photocurrent of CH3sNH3Snls based on
DMF was = -23.9 pA, whereas maximum in the DMSO-GBL film was = -1pA. This
indicates that the film CH3NH3Snl3 based on DMF was capable to extract more excited
charge carriers that can lead to higher photocurrent compared to the sample based on
DMSO-GBL solvent. Even though the DMSO-GBL based sample has mush smooth and
uniform film, the light harvesting capability is low compared to rough DMF based solvent
with large sized grains. This confirms that crystalline thin film with large grains is
signatures to a higher photocurrent density. The reason for low local photocurrent of
DMSO-GBL can be attributed to low crystallinity of the film that can be extracted from
XRD analysis.

Figure 4.17 shows a schematic of nanoscale charge injection and energy band
diagram of CH3NHsSnl3 [42]. Under illumination, the electrons were promoted from the
valence band to the conduction band of CHsNHsSnls film, transferred to TiO2 and collected
at the FTO electrode. The holes are collected by the Al tip, meaning that the current from
CS-AFM measurements may be considered as a hole current. Since the direction of hole
current under illumination was toward the tip, the measured values of the CS-AFM current
have negative value. There was no capping layer or hole transport material deposited on
top of CH3NHsSnls film. Therefore, the CH3NH3sSnls surface was directly accessible by
the AFM tip. Detailed sample preparation methods and CS-AFM measurements were

described in the Experimental.
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Figure 4.17 Band diagram showing charge collection of photocurrent of

CHsNHsSnI3/TiO2/ FTO/glass heterojunction structure using Al-coated conductive tip.

Figure 4.18 shows a line topography profile of CH3NH3Snls based on DFM and
DMSO-GBL solvents used from topography AFM images depicted in

Figure 4.18. It was clear that the photocurrent was not evenly distributed over the
surface of the film. Rather, the photocurrent was most prominent around grain boundaries
(GBs). The photocurrent distribution maps of CH3NHsSnlz was in agreement with the
current distribution of lead-based perovskites [28, 116]. It was earlier observed that the
higher short-circuit current appears near GBs of CH3NHsPbls rather than within grain
interior [116]. The result showed that there was no direct correlation between the
magnitude of the measured current and the height. For example, comparatively low local
current was measured in the vicinity of GB2 where was a dip in the film morphology. Not
all grain boundaries behave the same and were affected by crystallography and defect

chemistry [117].
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Figure 4.18 CS-AFM photocurrent and topography line profiles of CHsNH3zSnhls
processed from (a) DMF — line 1 on topography image and (b) DMSO-GBL solvents —

line 2 on topography image, respectively.
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Figure 4.19 shows maps of current distribution of DMF and DMSO-GBL based
CHs3NHzsSnl3 films under forward positive bias. When a forward bias (+1V) was applied
on FTO electrode, the magnitude of CS-AFM current reaches up to 1nA for both films
meaning that applied CH3sNH3Snls can be an electron transport material displaying metal-

like conductivity. In some other reposts, CHsNH3Snls was predicted to be better electron

transporter than CH3NHsPbls [48].
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Figure 4.19 CS-AFM images of CHsNH3zSnls under positive (+1V) bias made

from (a) DMF and (b) DMSO-GBL solvents, respectively.

Figure 4.20 represents CS-AFM images for CHsNH3zSnls samples based on DFM
and DMSO-GBL when negative (-1V) bias applied. The images showed comparative ly
poor local current under negative polarity for both samples that can be attributed to the
mismatch between Al tip and conduction band of CH3NH3Snls meaning the poor collection
of holes. This means that a small amount of holes can contribute to charge transport. This
condition may be attributed to the diffusive behavior of the holes leading to the metallic

charge transport [45].
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Figure 4.20 CS-AFM images of CHsNH3sSnls under negative (-1V) bias processed

from (a) DMF and (b) DMSO-GBL solvents, respectively.

Figure 4.21 represents dark and illuminated local 1-V plots of CH3NH3Snl3 based
on DMF and DMSO-GBL solvents. Local I-V spectroscopy was measured at single spots
on the surface of CH3NHsSnlz film using CS-AFM technique to estimate charge carrier
mobility. The conductive AFM tip was placed in the areas with high photocurrent observed
from photocurrent CS-AFM images and the averaged I-V plot was used for calculations.
A non-linear behavior of |-V plots advocates a non-Ohmic contact between the
CH3NHsSnlz film and the tip [104, 118]. Moreover, both samples showed a quadratic

dependence of local current with applied bias.
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Figure 4.21 Local 1-V dark (a) and illuminated (b) plots of CH3NHz3Snls3

processed from DMF and DMSO-GBL solvents, respectively.
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The charge carrier mobility of CH3NHsSnls based on DMF and DMSO-GBL
solvents were calculated using the Space-Charge Limited Current model [104, 119, 120].
The charge carrier mobility was calculated as 0.59 cm?V-1s't for DMF and 0.09 cn?V-1st
for DMSO-GBL. The increase in carriers’ mobility in DMF based sample may be attributed
to the higher crystallinity of the film, allowing an efficient path for charge transport and
improving charge collection. Figure 4.21 (b) shows a local current-voltage response under
0.5 kW/n¥ illumination. For both DFM and DMSO-GBL based samples, distinct kink of
S-shape was observed in the forward bias under illumination, which was not observed in
the dark I-V plots on Figure 4.21. A similar S-shape behavior of local I-V curves was
reported for P3HT:PCBM under illumination, and not in the dark [60]. The absence of
short circuit current in these plots can be attributed to an insufficient build-in electric field
between the tip and the FTO electrode, resulting in poor collection of photogenerated
charges by point-contact of the AFM tip at zero external bias.

Figure 4.22 shows photocurrent density-voltage (J-V) of CH3NH3Snls solid state
device based on DMF and DMSO-GBL solvents, respectively. Even though there was a
broad spread in the performance of the CH3sNH3Snls solar cells, the solid state CH3NH3Snls
device based on DMF shows better efficiency of 0.36% with 0.16 V open circuit voltage
compared to 0.24% efficiency with 0.1V open circuit voltage of the CH3sNH3sSnlssolar cell

based on DMSO-GBL. Fill factor was still as low as 0.28 for both devices.
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Figure 4.22 Photocurrent density-voltage (J-V) of CHsNH3Snls solid state device

based on DMF and DMSO-GBL solvents, respectively.

The slight increase of the efficiency for DMF based CH3NH3Snls devices can be
explained by higher crystallinity of the film. Nevertheless, the low fill factor can be an
indication of high density of defects that can lead to high recombination rates for both
devices. Low open circuit voltage can be explained by the fact that CH3sNHsSnls was a low
bandgap (1.23 eV) semiconductor with metallic conductivity compared to 1.55 eV bandgap

of CHzNHsPbls.
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CHAPTER 5. CONCLUSIONS

5.1 Summary

For the last few years, perovskites such as methylammonium lead trihalide
(CH3NH3PbX3) have gained significant notice in photovoltaic application as a result of
their low fabrication cost and high efficiency. The efficiency of devices using
CH3NH3PbX3 as an absorber material have increased dramatically from 3.9% in 2009 up
to 22.1% mn early 2016. One of the biggest concerns with this type of material is the toxicity
of lead, which has potential to inflict damage upon both human and environment. The
perovskite composites are salt-like minerals that dissolve easily in water. The prospect of
dissolved lead from solar panels dripping onto the rooftops of homeowners can be a large
obstacle for this technology being commercialized. Due to the anticipated toxicity from a
potentially soluble lead source, lead needs to be replaced with other non-toxic elements.

There have been earlier attempts to fabricate lead free perovskite solar cells and
investigate their material properties, their electrical and optical properties still remain
uncertain. The understanding of correlation between morphological and electrical properties
is opening the way to the design of lead free perovskite solar cells. Despite prosperous
applications of the CH3NHsSnls perovskite compound in photovoltaics, a systematic
understanding of its electronic, optical, and electric properties is essential for further
optimizing material properties.

There is a need to understand electrical, optical, and structural properties of
CHsNHasSnl3 perovskite material to make stable and high quality film for photovoltaic
performance. The objective of this dissertation was to analyze electrical, optical, and

structural properties of CHsNH3Snl3 film to fabricate high quality film for photovoltaic
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performance. The major novelty of this work is on analysis of morphological, electrical, and
optical properties of CHzsNH3zSnl3 perovskite material to understand the correlation between
the morphology and light harvesting properties that can lead to better charge transport.

The term perovskite is derived from crystal structure with the general chemical
formula exhibiting the stoichiometry as ABXs, where A is an organic cation, B a divalent
metal ion, and X an anion (0%, CI, Br, I, or, in a few instances, S?°), respectively, The
photoanode of perovskite solar cell is composed of a thin mesoporous semiconducting layer
(typically (TiO2, AkOs, etc.)) deposited on transparent conducting oxide glass substrate and
coated with a layer of perovskite material. The role of perovskite material is to absorb the
light, generate excited photoelectrons and to inject of the excited electrons into the TiO2. The
mesoporous TiO2 layer provides a pathway for the injected electrons to move from
perovskite layer to the transparent conducting substrate. The perovskite layer is sandwiched
between the electron transport layer and hole transport layer. A hole transport layer is
necessary for the charge separation and transport of holes from into the counter electrode.
The counter electrode composed of silver deposited onto hole transport layer by thermal
evaporation.

CH3NHsSnlsz film was prepared with precursor solutions, equimolar quantities of
CHsNHal and Snl2 with a concentration of 40 wt% was dissolved in DMF and DMSO-GBL
with the ratio 3.5:7, respectively. The precursor solutions were spin coated onto TiO2 coated
substrates to form a dark-brown tin perovskite layer. To pinpoint the differences and
similarities between lead based CN3NHzsPbls films and tin based CH3NH3Snls counterparts,
the comparative study was performed in terms of stability, morphological, and electrical

properties of both thin films. An analytical study of optical and electrical properties of
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CHsNHsSnls films based on different solvents such as DMF and combination of DMSO with
GBL was presented in this work. The surface morphology of the CH3NHz3Snl3 films were
analyzed by SEM and AFM. The absorption of the fabricated CH3sNHasSnls films were
measured by UV-VIS spectroscopy. XRD spectra, optical and morphological properties of
CHsNH3Snlz film was conducted and correlated them with electrical properties using CS-
AFM. CH3NHsSnlssolar cells were fabricated based on two different technics using DMF
and DMSO-GBL solvents. The fabricated CH3NH3sSnlzsolar cells were tested using AM1.5
solar simulator at 100 mW/cm?.

XRD analysis showed that 14°peaks are pretty similar for both tin and lead based
perovskites. Peaks at 25°, 28°, 32° 41°, and 43° can be attributed to CH3NHsSnlsz. The
optical (UV-VIS) absorption of CH3NH3Snls thin film showed broader absorption spectrum
with absorption edge at approximately 1000 nm. CHsNH3Snls may be a good electron
transporter. However, in case of CH3sNH3zSnlz there is a tendency of towards oxidation
which causes the material to be doped with Sn** thus behaving as p-type upon oxidation.
DMF based material has higher crystallinity compared to the DMSO-GBL based one,
which is in agreement with the SEM analysis. CH3NHsSnls material showed higher
absorption processed from DMF than that made from DMSO-GBL. CS-AFM showed that
the photocurrent was not evenly distributed over the surface of the film. Rather, the
photocurrent is most prominent around grain boundaries. The charge carrier mobility was
calculated as 0.59 cm?V-1s't for DMF and 0.09 cn?V-1st for DMSO-GBL. The increase in
carriers’ mobility in DMF based sample may be attributed to the higher crystallinity of the
film, allowing an efficient path for charge transport and improving charge collection. Solid

state CH3NH3sSnls device based on DMF shows better efficiency of 0.36% with 0.16 V
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open circuit voltage compared to 0.24% efficiency with 0.1 V open circuit voltage of the
CHsNHasSnlz solar cell based on DMSO-GBL. Fill factor was still low at 0.28 for both

devices.

5.2 Conclusions

By summarizing and analyzing all the results of optical, electrical, and morphological
measurements of CH3NH3Snls, it can be concluded that crystallization and film formation
of CH3sNH3Snls can be controlled with precursor solvents. CHsNHzSnlz based on DMF has
higher crystallinity and light harvesting capability compared to DMSO-GBL. Based on CS-
AFM analysis and local current mapping, it was noticed that the photocurrent is most
prominent around the grain boundaries for both samples. This is in agreement with
photocurrent distribution for lead based perovskites. The increase in carrier mobility in DMF
based sample may be attributed to the higher crystallinity of the film, allowing an efficie nt
pathway for charge transport, thereby improving charge collection. The slight increase of
the efficiency for DMF based CH3NHsSnlz devices can be explained by higher crystallinity
of the film. Nevertheless, the low fill factor can be an indication of high density of defects
that can lead to high recombination rates for both devices. Low open circuit voltage can be
explained by the fact that CH3NHsSnls is a low bandgap (1.23 eV) semiconductor with

metal-like conductivity.

5.3 Future work
The efficiency of lead free perovskite solar cells can be achieved by improving the
crystallinity of CH3NHz3Snls films and reducing the defects. Since CH3NHz3Snls crystalizes

upon spin-coating at room temperature, the fabrication of CH3NH3Snl3 films need to be
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done below room temperature. The open circuit voltage can be improved by applying the
right hole transport layer that enhances the separation of the excited charge carriers. The
fermi level of hole transport material needs to match with the valence band of CHsNHsSnls
for efficient hole collection. The stability of CH3sNHsSnls still remains a challenge. Self-
doping of CH3NH3Snl3 upon oxidation must be suppressed in order to achieve stable,

efficient, and non-toxic tin based solar cells.
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SUPPLEMENTARY INFORMATION
Thermal Gravimetric Analysis of Snl,
Thermal Gravimetric Analysis (TGA) was performed to ensure the stability of tin
iodide (Snl2) used for fabrication of CH3NHsSnls thin films. TGA was performed under
following conditions: N2 flow rate of 20 mL/min, heating rate of 25C/min, and the

temperature range from 25 C° to 900 C°.
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Figure S.1 Thermal Gravimetric Analysis of Snlz

As evident from TGA curve in Figure S.1, Snl2 weight does not change in the
temperature range from 27 C°to 270 C°. Snl2 shows gradual weight loss starting at 270 C°,
which can be attributed either to the oxidation of Snl2 to exposed air or to the melting of
Snlz [43]. Since the fabrication of CH3sNH3Snl3 was performed at room temperature (27

C®), this indicates that Snl2 was not oxidized and did not contained impurities.



Current Sensing Atomic Force Microscopy of sputtered gold

A demonstration sample of sputtered gold was tested to assure that the CS-AFM
experimental setup was working as designed. The sample was prepared by sputtering
deposition of gold film on silicon substrate. The thickness of deposited gold was 100 nm.

Figure S.2 shows the topography (a) image and conductivity (CS-AFM) image taken by

Agilent 5500 SPM in CS-AFM mode using 4-pin nose cone.

24.1nm 00 . o gt
20.0 _ A'_.".J’.,“ B
0.5 Rory
15.0 L
100 107 Pt Z5 0
50y sTq ph AN gf{
T RTINS EEY
W o ‘ ,{" : HEW) § i
00 65' X Q‘ﬂl‘.-é.%fx* £t )

Figure S.2 The topography (a) and CS-AFM (b) images of sputtered gold thin film.

Since gold is a conductive material, by applying voltage bias to the sample, the

electric current signal is expected. This test confirmed that CS-AFM experimental setup

was in good working condition and the data obtained was accurate.
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