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ABSTRACT

PRODUCTION OF INORGANIC CHARGE SELECTIVE LAYERS FOR
MESOSCOPIC PEROVSKITE SOLAR CELLS

I¢li, Kerem Cagatay
PhD, Micro and Nanotechnology Program
Supervisor: Prof. Dr. A. Macit Ozenbas
Co-Supervisor: Prof. Dr. Burcu Akata Kurg

May 2018, 210 pages

In this work, nanoparticles of lithium doped nickel oxide (NiO) were synthesized by
common wet chemistry methods like precipitation, ultrasonic spray pyrolysis and
flame spray pyrolysis methods. Synthesized nanoparticles were employed in fully
metal oxide mesoscopic perovskite based solar cells. Lithium doping of NiO was
achieved by ultrasonic spray pyrolysis method and flame spray pyrolysis methods.
Flame spray pyrolysis method was used to synthesize yttrium doped titanium dioxide
(TiO,) and magnesium oxide (MgO) nanoparticles. NiO nanoparticles which were
produced by precipitation technique yielded 20-30 nm particles sizes with
homogeneous distribution size and dispersed in isopropanol by ball milling without
addition of any surfactants. Stable dispersions were deposited on a mesoscopic
perovskite solar cell as the hole transport medium as a replacement of polymeric hole
conductors and 10.89% efficiency was obtained for the optimized structure.
Electrochemical impedance spectroscopy measurements revealed that recombination
resistance of cells were greatly enhanced upon addition of the NiO electron blocking
layer and electron blocking property of the NiO was also confirmed by ultraviolet
photoelectron electron spectroscopy. Lithium doped NiO nanoparticles, ytrrium
doped TiO, nanoparticles and MgO nanoparticles were produced by a unique

methanol combustion flame synthesis method and employed as the mesoprous layers



in carbon based perovskite solar cells. It was shown that enhancement of the
electrical conductivity of the lithium doped NiO and yttrium TiO, layers lead to a

reduction of the overall resistivity of the carbon based perovskite solar cell and

efficiency of 9.63% was achieved.

Keywords: Lithium doped nickel oxide, flame synthesis method, perovskite solar cell
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0z

MEZOSKOPIK PEROVSKIT GUNES HUCRELERI iCiIN INORGANIK
SECICI TASIYICI KATMANLARIN URETILMESI

I¢li, Kerem Cagatay
Doktora, Mikro ve Nanoteknoloji Programi
Tez Yoneticisi: Prof. Dr. A. Macit Ozenbas
Ortak Tez Yoneticisi: Prof. Dr. Burcu Akata Kurg

Mayis 2018, 210 sayfa

Bu ¢alismada lityum katkili nikel oksit (NiO) nanopargaciklari, ¢oktiirme, ultrasonik
sprey ve alev sprey gibi kimyasal metotlar ile sentezlenmistir. Sentezlenen
nanopargaciklar tamamen metal oksit yapili mezoskopik perovskit esasli hiicrelerin
yapiminda kullanilmistir. NiO parcaciklarimin lityum katkilamasi ultrasonik sprey ve
alev sprey metotlariyla yapilmis olup, bu metotlarla ayn1 zamanda yitriyum katkili
titanyum dioksit (TiO2) ve magnzeyum dioksit (MgO) nanopargacik sentezi de
gerceklestirilmistir. Coktiirme metodu ile sentezlenen NiO nanopargaciklar: 20-30
nm boyutunda ve homojen boyut dagilimi géstermektedir ve isopropanol igerisinde
ylizey ajam1 olmadan toplu oOgiitme ile disperse edilmistir. Stabilize edilmis
dispersiyonlar, mezoskopik perovskite hiicrelerindeki polimerik bosluk tasiyici
tabakalar yerine kaplanmistir ve %10,89 verim degeri elde edilmistir.
Elektrokimyasal empedans spektroskopisi yontemi ile NiO elektron bloklayic
tabakanin yeniden birlesme kayiplarini biiylik 6lglide azalttigi goriilmiis ve NiO
tabakanin bu 0Ozelligi ultraviyole fotoelectron spekroskopisi Ol¢limleri ile de
onaylanmistir. Lityum katkili NiO, ytriyum katkili TiO, ve MgO nanopargaciklari
0zgiin bir metanol yanma yontemi ile sentezlenmis ve karbon esasli perovskit
hiicrelerdeki mezoskopik tabakalarin {iretimi igin kullanilmistir. Lityum katkili NiO

ve yttrium katkili TiO; parcaciklarinin katkilama sonucu elektriksel iletkenliginin

Vii



arttirilmasi ile hiicre i¢i direncin azaltildigi gosterilmistir ve karbon esasli perovskit

giines hiicresinde %9.63 verim degeri elde edilmistir.

Anahtar Sozciikler: Lityum katkili nikel oksit, alevle sentezleme metodu, perovskit

giines hiicresi
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CHAPTER 1

INTRODUCTION

Perovskite organic-inorganic hybrid halide photovoltaic materials with perovskite
crystal structure have been a hot topic since 5 years and tremendous progress have
been achieved in perovskite solar technology, efficiencies boosted to 22% already.
Perovskite mesoscopic solar cells have evolved from the third generation solar
devices like organic solar cells and mostly dye senstized solar cells. In addition to
enhanced efficiencies offered by these materials, perovskite solar cells also promise
improved robustness and outdoor stability by means of solid state devices and
inorganic materials used in the construction of these cells, where liquid electrolyte
used in dye sensitized solar cells or highly unstable polymeric materials in organic
solar cells is a major drawback of the large scale producibility of the third

generation photovoltaics.

Although highest efficiencies for perovskite solar cells reported to date are based on
polymeric hole conductors like spiro-ometad or PCBM, due to insufficient air
stability and high cost of these materials or cyanide containing toxic inorganic
materials like CuSCN, the mass production of perovskite based solar cells is still
limited. Attempts have been focused on replacing the hole conductors with robust
oxide counter parts or directly eliminating the hole conductor layer. After
realization of electron conducting ability of the perovskite layer, hole conducting
perovskite layers are under investigation. First demonstration of a hole conductor
free perovskite solar cell was achieved by Etgar et al. [1], where TiO, nanosheets
were used as the electron transport layer supporting a perovskite layer as the
absorber and hole conducting layer and gold as the back contact, in a similar

configuration to early reported depleted heterojunction devices employing inorganic



qguantum dots. An efficiency of 5.5% was reported showing the impressive hole
conducting ability of the perovskite nanocrystals. Following works revealed that in
this structure, a depletion arises between the mesoporous TiO, layer and the
perovskite layer and by estimating the doping density of TiO, and perovsite layer
using Mott-Shottky analysis, a built in potential of 0.67 V was calculated which is
close the to the Voc of the cell [2]. An ideal current voltage model developed for
further investigation of the junction properties of cell also confirmed the
heterojunction nature [3]. Optimization of the mesoporous layer thickness and
application of sequential deposition technique yielded efficiencies up to 10.85% and
also a correlation between depletion layer width and cell efficiency has been found
in the same work [4], suggesting that extending the depletion region width to whole

cell may lead to further improvements.

In another approach to avoid hole conducting layers, Ku et al. used porous carbon
back contact as the current collecting electrode. Perovskite nanocrystals were
deposited inside the TiO, mesoporous layer and into a mesoporous ZrO, layer
which acts as an insulating barrier between TiO, and carbon layer in order to avoid
direct contact between two layers. Carbon is an appropriate back contact material
with a work function of -5 eV where gold has a work function of -5.1 eV. This
configuration not only possess an hole conducting free cell configuration, but also
eliminates high vacuum requiring gold evaporation process and whole cell
components are prepared by simple solution based and printing techniques yielding
an efficiency value up to 6.7% [5]. This efficiency value then further improved to
impressive 12.8% by introduction of 5-aminovaleric acid (5-AVAI) into perovskite
layer [6]. Role of 5-AVAI here is explained as a template assisted preferential
growth of perovskite crystals in the c¢ axis resulting in better pore filling inside
mesoporous layers which reduces recombination rates and improved contact

between TiO, and perovskite crystals.

Nickel oxide is a well known p type material and a suitable candidate for robust and

low cost hole conducting layers. However, deposition of nickel oxide layers



requires high temperature heat treatments so inverted type cell architectures are
used. In this cell design, hole transport materials are deposited on the transparent
and conducting electrode like ITO or FTO and cells are illuminated from the
cathode part. First attempts to employ nickel oxide (NiO) mesoporous layers on an
inverted structure yielded an efficiency of 1.5% [7] and this value was quickly
enhanced to 9.51% by solution processed NiO, compact layer and a mesoporous
layer similiar to conventional TiO, based devices [8]. Perovskite crystals are
infiltrated into the mesoporous layer and PCBM is used as the electron selective
layer on top of the nickel oxide matrix. Transient absorption studies verified that
cell working mechanism of the cell is based on an effective p-type sensitization of
mesoporous NiO layers which could not be possible for dye sensitized solar cells.
The unique electron transport property of perovskite crystals is responsible from
high efficiency values obtained from p-type layers. NiO compact layers were also
used in an inverted planar cell structure in order to replace low stability
PEDOT:PSS hole accepting layers. Jeng et al. demonstrated that in a planar
heterojuncction configuration, NiOy blocking layers outperforms PEDOT:PSS
layers by means of efficiency and open circuit voltage related to proper band energy
level alignment between NiOy and perovskite layer [9]. In a similar work, planar
NiOx layers were employed as blocking layers in planar configuration and in
comparison to CuSCN deposited by electrodeposition method, giving two fold
higher efficiencies [10]. Deposition of dense and unifrom NiO layers were also
conducted by vacuum tecniques like magnetron sputtering and effect of thin film
morphology was investigated. Magnetron sputtered NiO blocking layers in a planar
cell configuration are reported to create more homogeneous and dense layers
compared to spin coated solution processed layers and by benefiting from solution
engineered fully covered perovskite layers, an efficiency of 9.83% and impressive
open circuit voltage of 1.1 V was achieved thanks to minimized recombination
between adjacent layers [11]. In addition to morphology, electrical properties of the
magnetron sputtered compact NiO layer was also investigated in an inverted cell
structure in combination with a mesoporous NiO layer and oxygen doping was

demonstrated to be an effective way of enhancing the electrical conductivity of the



layer and an efficiency of 11.6% was achieved [12]. Modification of the electrical
properties of NiO layers by dopant atoms for enhanced conductivity was further
investigated by copper addition to NiO lattice and a planar heterojunction solar cell
achieved 15.4% efficiency compared to undoped NiO layer and PEDOT:PSS layer
which have 8.73% and 10.87% efficiencies respectively. It was also observed that
perovskite layer on top of copper doped NiO layers shows micrometer scale grain
sizes compared to undoped NiO layer which may be attributed to difference in grain
sizes of the NiO layers and surface chemistry change upon copper doping leading to
the high efficiency value observed in the devices [13]. Mesoporous NiO layers were
also used in conventional anode side illuminated cell configuration as a hole
transport layer on top of a mesoporous TiO; layer. In this work, a porous carbon
based back contact is employed similar to the hole conducting free design which
make it possible to infiltrate the perovskite nanocrystals into the porous layers

printed and fired together in one batch and 11.4% efficiency value is reported [14].

The objective of this work is to develop mesoscopic perovskite solar cells with no
polymeric components, in a robust fully metal oxide structure for prolonged
stability of the perovskite solar technology. For this purpose, lithium doped
conductive nickel oxide nanoparticles were synthesized with common wet
chemistry methods and employed as the p-type hole conducting mediums. In
addition, electrical conductivity of the titanium dioxide layers employed as the
electron transport layers in perovskite solar cells were enhanced by doping with
yttrium and mesoscopic solar devices were constructed. Synthesized particles and
solar cells were characterized by means of structural, optical and electrical aspects.
Effect of synthesis conditions on device performances were studied and electronic
processes inside the cells and bewtween the interfaces were revealed by
spectroscopic analysis and correlated to particles parameters like particle size,

doping amount and structure of the cells.
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CHAPTER 2

SOLAR ENERGY MATERIALS AND MESOSCOPIC PEROVSKITE
SOLAR CELLS

2.1 Photovoltaic Energy Production

Since discovered by Bacquerel, photovoltaic effect is known for a century. With the
motivation of space applications and satellites, first solar modules were developed
and stil being researched. Photovoltaic energy conversion harvesting the sunlight is
one of the most popular research topics both in academy and industry as it offers
many advantages compared to other energy resources like fossil fuels, nuclear

energy or renewable energy systems which can be summarized as:

e Photovoltaic energy production units have no moving parts and require no
maintenance.

e Sunlight is a limitless and renewable energy resource.

e Photovoltaic panels are made from non-hazardous, long lifetime materials
and service times are long.

e Photovoltaic systems possess no potential health hazards to public..

e Photovoltaic panels are produced from earth abundant metarials and have no
risk of raw material shortage.

e Photovoltaic panels are mobile and can be installed and transported in every
area.

e Photovoltaic energy conversion is a major research topic in academy and
indusry and fast development in technology is expected..

e Due to extensive research and development, solar energy electricity

production costs showed tremendous decline in the past years [1].



Photovoltaic energy conversion materials are semiconducting materials like silicon
or germanium, properties of which can be manipulated by doping with certain
elements. Devices are mainly based upon junctions of these materials.
Semiconducting materials are responsible from capturing and absorbing the solar
radiation incident on the devices and generated electrons and holes are seperated
and transported through he device in order to generate current or electricity.
Generated current and attainable voltage from the photovoltaic devices primarily

depends on the solar radiation or the solar spectrum reaching on earth.

2.1.1 Solar Spectrum and Irradiance

Solar irradiance reaches the earth in the form electromagnetic radiation like other
light sources which is a flux of photons with the associated the energy. Photons are
massless particles and possess wavelike behaviour, energy of (E;) which is

determined by the wavelength (4,) of the photon according to:

hc
Ex=7

Eq. [2.1]

where c is the speed of light and h represents the Planck constant.

If sun is treated like a black body, energy coming from the sun to earth can be
calculated from black body radiation corresponding to the surface temperature of
the sun, which is around 5762 °K. Distribution of this energy is homogenous and

isotropic, however, due to athmospheric effects, solar energy on earth varies in
different parts of the world. In open space just above the earth’s athmosphere,
intensity of solar radiation is measured as 1353 kW/m? and referred as air mass
zero, AMO. Air mass is defined as the deviation of solar irradiance on earth by the

athmosphere and calculated by the angle of incidence (8) according to:



1
Air Mass=——
cos0O

Eq. [2.2]

Air mass 1.5 (AML1.5) is the solar irradiation on sea level with an intensity of 100
mw/cm? and this value has been the standart intensity for solar cell measurements
except for solar cell types of extra terrestrial applications. In Figure 2.1, intensity of

each wavelength for different irradiation levels coming from the sun is given.
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Figure 2.1 Distribution of light intensities for each wavelength in solar spectrum in

space and on sea level [1].

The distribution of sun light for each wavelength given in Figure 2.1 transport the
energy in sun with radiation, however it is not possible to harvest this energy with
100% efficiency. The efficiency of conversion is determined by the performance of

the materials and the architectures of the solar devices.



2.1.2. Semiconductors and Structure of Solar Cells

Semiconductors are the building blocks of solar cells, which show intermediate
conduction character between insulating and conducting materials. They are
characterized by their intrinsic bang gaps in electronic band structure and show
crystallinity which gives rise to unique electronic behaviour among electronic
materials. Semiconductors mostly belong to group 1V in the periodic table. Binary
or ternary compounds of group II, 1lI, V and VI also yields semiconducting
properties and widely used in modern photovoltaic devices. In Table 2.1, most

popular elements used in semiconducting devices are given.

Table 2.1 Elements used in semiconductors.

| 1 i AV Vv VI
B C N
Al Si P S
Cu Zn Ga Ge As Se
Ag Cd In Sn Sb Te

Conventional solar cells used in industry today are mainly made up of silicon,
gallium arsenide and cadmium telluride. They have all their charactristic band gap
and charge carrier mobility values which determine the light absorption and charge
collection abilities. Band gap is an intrinsic property of any given semiconductor
and arises from the band electronic band structure of the material. In a
semiconducting material, there are forbidden energy states in the band structure and
seperates the band into two distinct bands, the valence and the conduction band. In
contrast to metals, which have a fully occupied band structure, only valence band is
filled with electrons in semiconductors and conduction band is mostly empty,
depending on the temperature and the energy difference between the bands, the

band gap. Electrons in the valence band are not mobile carriers so cannot contribute
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to conduction. Upon absorption of a photon by the crystal, an electron is excited to
conduction band and becomes free to travel along the lattice. Doping process or
addition of certain impurities inside the lattice also leads to formation of free charge
carriers in the lattice and new electronic states occur in the forbidden band. These
states are referred as donor states which supply electrons into conduction band or
acceptor states which supply holes into the valence band. Depending on the dopant
atom, creation of donor states is referred as n-type doping and creation of acceptor
states is referred as p-type doping. In the case of a group V element like phosphorus
being doped into group IV element like silicon, n-type doping is achieved because
of the contribution of an extra electron of the phosphorus atom to the conduction
band of silicon. Similarly, doping process of boron of group Ill, results in a
deficiency of an electron and manifests itself as a hole in the valence band and p-
type doping is achieved. Effect doping on the electronic band structure and

formation of donor and acceptor states are illustrated in Figure 2.2.

Ep
Conduction band L
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Ev
¥ T Valence band
Ey
Position

Figure 2.2 Positions of donor and acceptor states in semiconductors upon doing [1].

For doped semiconductors at room temperature, due to thermal excitation, there are
free holes and electrons in the valence and conduction band and these carriers are

mobile. However, random m otion of these carriers cannot generate a net current
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flowing in one direction. In order to create a driving force inside the
semiconductors, pn junctions are constructed where a metallurgical bond is created

between p-type and n-type semiconductor and a junction is formed.

2.1.3 Formation of pn Junctions

Energy band diagram of a typical pn junction formed by a p-type and n-type
material is given in Figure 2.3. Bands are bent upon contact of the semicondcutors
giving rise to band bending.
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Figure 2.3 Band diagram of a pn junction and band bending [2].

The holes in the p-type material and the electrons of the n-type material recombine
in the junction interface and diffusion goes on until equilibrum condition is reached.
This diffusion results in the depletion of the semiconductors from free carriers and
creation of a neagtively charged and positively charged interface in the junction.
This type of depletion and charge accumulation lead to a net built in potential or an
electical field across the junction, the strength of which is primarily depend on the

doping concentrations. Equilibration of the Fermi levels of the two semiconductors
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give rise to an event called as band bending due to rearrangement of the band
positions with respect to each other. Electrons favor the low energy states and travel
towards the n-type region where holes flow towards the p-type region. During solar
cells operation, upon light absorption by the semiconductor, charge carriers are
seperated from each other and driven by an internal electrical field at the junction

area.

2.1.4 Absorption of Light by The Solar Cell

A solar cells is a device which converts sunlight or any light coming from other
resources to electricity. For this purpose, understanding the interaction of light with
any given material is of importance. 3 basic processes occur during the illumation

of a semiconductor:

1. Reflection
2. Transmission

3. Absorption

In semiconductors, duen the presence of the band gap, absorption events are
determined by the energy of the incoming photons which are higher than the band
gap value of the semiconductors. Upon absorption the photon, an electron excites to
the conduction band and this situation results in the creation of an hole in the
valence band due to the unoccupied states left behind in the valance states. Photons
with insufficienct energy to create an electron hole pair, eiyher passes through the
semiconductor, which is the transmission event, or reflected back from the surface
the semiconductor depending on the angle of incidence and refractive index of the

material.

The excitation events involving transitions between condcution band and valence
band in semiconductors, is defined as the band to band transtions. According

quantum physical rules, these transitions obey the conervation of momentum and
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energy. Direct semiconductors have the conduction band and the valence band
minima at the same lattice momentum value and only energy conservation principle
rule applies inthis case. Photons with energy higher than the band gap value is
sufficient enough for band to band transtitions. However in indirect semiconductors,
where conduction and valence band minima do not have the same lattice
momentum, although incoming photon have the sufficient energy to excite an
electron from the valence band, lattice momentum must also be supplied for the
transition. This momentum is supplied to the transtion event from the lattice
vibrations or phonons present inside the lattice. However, this process is random
and statistical, so indirect transitions are less possible than the direct transitions.
Due to this reason, indirect band gap semiconductors have less absorption
coefficients compared to direct semiconductors. In silicon for instance, due to
indirect band gap, thicknesses around 200 pm are required for absorption of the
solar spectrum, where for direct band gap GaAs based cells, much lower thickness

values are sufficienct enough to absorb most of the sunlight.

In a semiconductor, in addition to band to band transitions, electrons in the
conduction band or holes in the valence band also have the ability to absorb light,
which is called free carrier absorption. In free carrier absorption, upon light
absorption, carriers are excited to higher energy levels inside the same band and this
type of absorption does not contribute to creation of new electron hole pairs. Free
carrier absorption is observed and becomes significan only in heavily doped

semiconductors and under illumination with high intensities [2].

2.1.5 Carrier Transport in Solar Cells

There is thermal equilibrium conditions in a pn junction in dark, the electrons and
hole are distributed randomly. Upon illumination and light absorption begins,
electron hole pairs are created and mobile free carriers are generated. In the junction
part, where the device is depleted of holes and electrons, created electron hole pairs

are seperated from each other and forced flow in one direction under the internal
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electrical field. This flow is observed as a net current and governed by the transport

equations defining the photocurrent densities (J) according to:

Jn=qunne + q.D,V,
Eqg. [2.3]

Jp=Quppe - 4.DpV,
Eq. [2.4]

In transport equation, n and p represent electron and hole concentrations, pw, and p,
represent electron and hole mobilities, D, and D, represent electron and hole
diffusion coefficients, respectively, where q is the elementary charge and ¢ is the
electrical field. The first part of the equation defines the drift current which is the
motion of carriers under the eletrical field. Second part of the equation describes the
diffusion current due to diffusional the motion of carriers with their unique
diffusion coefficient. It can be seen from Eq. 2.4 that the flow of carriers inside a pn
junction is mainly governed by the drift and diffusion events which can be
expressed in terms of their associated mobility and diffusion coefficient values.
These values are characteristic to each semiconductor and vary dramatically among
the semiconducting materials, however there are several parameters influencing the
transport abilities of any given material. Temperature of the device, doping
concentrations and impurity content of a semiconductor directly determines the
mobility values. Mechanisms like carrier carrier sctatering, ionized impurity
scattering or scattering due to lattice vibrations affect the transport ability of the
carriers during cell operation. In addition, these factors are also directly related to
the life time of carriers and diffusion length values through a mechanism called

recombination of electron hole pairs [3].
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2.1.6 Recombination in Solar Cells

Recombination of electron holes pairs generated by the absorption of light by the
semiconductor is an important loss mechanism for solar cells. This recombining
events may occur through several ways in a solar cell but may be categorized to two
main types, surface and bulk recombinations. Another way of categorizing the
recombination processes rely on the optical nature of the recombination where
recombining of an electron and a hole may either emit photons, referred as radiative
recombination, or emit phonons, referred as non-radiative recombination.

Recombinations may occur by:

e Band to band transitions
e Recombination in trap levels
e Auger recombination

e Surface states recombinations

Recombination of carriers in the valence band and conduction band is the reverse of
a light absorption event and referred as band to band transition. Tis type of
recombinations are quite often and results in emission of a photon, so they are
classified as radiative. Similar to light absorption, this process also requires
addtional momentum from the lattice and observed more common in direct

semiconductors compared to the indirect ones.

During the recombination process, excess energy emitted from the electron hole
pair may be transmitted to another electron in the conduction band which results in
excitement of the electron to higher energy levels. Such a process may or may not
be radiative depending on the electronic band structure of the material and referred
as Auger recombination or the inverse Auger process. If non-radiative Auger

occurs, due the relaxition of the excited electron, phonon emission is observed.
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Among the recombination types, most widely observed recombination process is
the recombination through defect states or namely defect assisted recombination.
The donor and acceptor states are also trap states introduced by the dopants, which
can also be considered as defects inside lattice, however trap sates lying around or
close to middle of the band gap can not contribute to electron and hole donation,
instead they act like traps for carriers in the valence and conduction band. Structure
of these states are give in Figure 2.4. Trap states may be introduced to the band gap
by either impurity atoms or by the point defetcs or dislocations inside the crystal
lattice. This type of recombination is usually non-radiative and results in phonon
emissions. Trap states recombination rates highly depend on the impurity
concentration of the semiconducting material and using high purity materials is

quite important for solar cell applications.

Excited electron
| loses energy to

| phonons
Er- . . [ .
v . Phonons )
— s ‘k.f‘ -
h Midgap trap | Photon
Ey o H B HO
Single level trap Radiative Auger
S

r— Excited hole loses
energy to phonons

Figure 2.4 Summary of recombination processes in semiconductors. [1].

Another type of practically important recombination type is the surface states
recombination. Surfaces in materials are defective regions which contain high
concentration of unbound atoms, vacancies or dangling bonds. These regions are
strong recombination centers with high recombination rates for carriers in the bulk

of the material. Surface passivation is conducted by modifying the surfaces with
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certain compounds or depositing buffer layers and concentraiton of the defects in
the surface can be minimized. Such coatings or modifications are widely used for
passivation of thin film solar cells where surface to bulk ratio is higher than the

silicon based solar cells [4].

2.2 Solar Cell Materials and Solar Cell Types

2.2.1 Crystalline Silicon Solar Cells

Crystalline silicon based solar cells dominate the solar cell market since their
introduction and 85% of the market is based on these materials. There are huge
advances in other technologies, however silicon based solar technology is still
growing due to the silicon supplied by microelectronics industry and price of silicon

is going down. Three types of silicon based solar cells can be found on the market.

1. Mono Crystalline
2. Poly Crystalline
3. Amorphous

Ingots, ribbons or wafers are produced from molten silicon and categorized
according to their grain sizes, which is one of the main parameter determininig the
performance of the materials. The major recombination loss mechanism in
crytalline silicon is the defect assisted losses, so production of high purity and large
grain sized materials is quite important. Czochralski process is the worldwide
accepted technique for production of high purity single crystalline silicon wafers.
Molten silicon together with the dopant elements is used to grow single crystalline
silicon ingots on a seed crystal by pulling the crystal from the molten silicon at
highly controlled drawing speeds and temperature gradients. Produced ingots are
single crystal and impurity free. For production of poly crystalline silicon, molten

silicon is directly casted and the formed ingots possess poly crystalline structure.
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Silicon has a band gap of 1.17 eV and can absorb most of the visible spectrum,
however, indirect band gap of silicon leads to poor absorption coefficient, so wafers
for silicon solar cell production must be thick enough to absorb the light. Thickness
around 200 um is required for sufficienct light absorption, but in this case diffusion
lentgh of charge carriers are lower than this value. For high efficiency silicon solar
cells, a surface passivation process and surface texturing or anti reflective coatings

are mendatory for enhancing the absorption ability of the cells (Figure 2.5).

There are many steps involved in production of silicon base solar cells and these

steps applied on boron doped silicon wafers can be summarized as following:

e Etching by acidic and alkaline solutions for saw damage
e Surface texturing with NaOH

e Phosphorus doping by diffusion in belt furnaces

e Junction isolation

e Deposition of TiO; or SiN anti reflective coatings

e Metallization by screen printing silver contacts

e Contact firing

e Testing and characterization

rear contact owide

Figure 2.5 Structure of a silicon solar cell [5].
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Crystalline silicon solar cells have reached their theoretical maxiumum limits of
27% efficiency and poly crystalline silicon gives aorund 20% efficiency at best
reported cells. Scaling up of silicon solar cells, however, results in declien in
efficiencies due to resistive effect of large area substrates and module efficiencies of
18% can be found commercially. This value depends on the materials and processes
employed in production of the modules and varies among the manufacturers around
the world. Another important aspect of the silicon based solar cells is the variation
of module efficiency during the day depending on the application area in outdoor.
Silicon base solar cells require high light intensity for performing at their top
efficiency value and performance of the cells change dramatically under low light
intensity and high temperature conditions. Due to this reason, the energy output of a
commercial module must be tested on real outdoor conditions and must be chosen
on according to the installation area. Besides all, silicon solar cells promise high
stability and long service lifes to suxtomers where most companies give warranty

of energy production for around 20 years [5].

2.2.2 Thin Film Silicon Solar Cells

Crystalline wafer based silicon solar cells are the most popular photovoltaic
materials in the market for years due to high efficiency combined with long
durability but due to the high prices of these devices, the widespread application of
photovoltaics is still poor compared to fossil fuel based energy production. The
major contribution to the cost of wafer based technology comes from the materials
used. High purity single crystal growth is an energy intensive process and limits the
reduction in cost of silicon wafers. Thin film silicon solar cells have the advantage
of less material consumption and reduced cost of the panels. Evapoation technique,
chemical vapour deposition methods or liquid phase epitaxial growth have been
researched and used for deposition of silicon thin films. Unfortunately, due to
limited light absorption os silicon, efficiencies were constrained to 16% at best by

applying antireflective coatings surface passivation and light trapping.
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Amorphous silicon offers two orders higher absorption coefficient compared to
crystalline silicon and can be a promising alternative for thin film applications.
However, lack of crystallinity and lang range order lead to high concentration of
defects dangling bonds and as a result high recombination rates. The unbounded
atoms can be passivated by hydrogen and a huge reduction in defect density can be
achieved. Nevertheless, upon doping after passivation, recombination centers
reactivate and an efficienct pn junction formation is not possible. In order to
overcome these problems, p-i-n structure was developed where intrinsic amorphous
silicon is placed between a p-type layer and a n-type layer. Amorphous silicon acts
like the absorption layer and built in electrical field is created by the n-type silicon
and p-type silicon layers, magnitude of which is related to the doping
concentrations of the layers. Deposition of amorphous silicon is conducted by CVD
technique employing silane (SiH,) gas. 10% efficiency values are reacheable for
amorphous silicon based cells, however stability of the devices are poor due to
degradation of Si-H bonds under light soaking. An additional heat treatment is

required for recovery of the cells [6].

2.2.3 Gallium Arsenide Solar Cells

Gallium arsenide (GaAs) is a group I11-V semiconductor widely used in the industry
which possess excellent opto-electronic characteristics. Because of the 1.42 eV
band gap value, which is close to the optimum bang gap for solar energy
conversion, it is an excellent photovoltaic material. In addition, GaAs has a direct
band gap and has high absorption coefficient which makes it very suitable for thin
film solar cell applications. Most common dopants are Al and Zn for junction
formation. In addition, doping or alloying results in variation in the band gap value
and band gap tuning is possible which opens the way of creating tandem films
deposited on each other for enhanced efficiency. Highly efficiency tandem devices
are deposited by epitaxy techniques like molecular beam epitaxy orliquid phase
epitaxy. GaAs is an expensive materiak and widespread application is limited.

There are researches to replace GaAs with silicon or germanium layers but thermal
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mismatch problems are being experienced so far. In addition to high cost, both
gallium and arsenide are hazardous materials to human health. 26% efficiencies
have been reached and GaAs panels are being used in satellite applications [4].

2.2.4 Cadmium Telluride Solar Cells

Cadmium Telluride (CdTe), similar to gallium arsenide, is advantegeous for
photovoltaic action by means of a proper band gap which is around 1.45 eV, the
optimum band gap value for light absorption without a tandem structure. CdTe
belongs to metal chalcogenides and is a I1-VI compound. CdTe is intrinsically p-
type material and possess high absorption coefficient. N-type junctions of CdTe are
condcuted by depositing a CdS layer on top of it and referred as superstrate
configuration. CdTe solar cells are very popular by means of commercialization
because of the ease of production. CdTe shows a strong ionic bonding and as a
result, it is a very robust material and highly stable. It is especially suitable for
outdoor and space applications among all photovoltaic materials. Efficiencies of
16% on laboratory cells and 10% for modules have been realized. However,
maximum theoretical efficiency limit around 29% is still too far and efforts have
focused on developing highly efficient CdTe based cells, although there are many
concerns and restrictions because of the toxicity of Cd. CdTe based cells can be
dproduced by many techniques including vacuum processes like sputtering or CVD
methods. Wet chemistry techniques like screen printing, spray deposition or
electrodeposition techniques are also used for the production and offer reduced

production cost and mass manufacturing [6].

2.2.5 Copper (Indium, Gallium) Diselenide Solar Cells

Chalcopyrites are the compounds of I-111-V group of periodic table with a tetragonal
crystal structure and possess semiconducting properties like copper indium
diselenide (CIS) or copper gallium indium diselenide (CIGS). By changing the

stoichiometry of these compounds, it is possible to manipulate the electronic opto-
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electronic properties like electrical conduction and band gap values. For example
band gap of CIGS and CIS can be tailored from 1.04 to 1.68, where mostly used
values are around 1.20-1.25 for high efficiency cells. They possess high absorption
coefficients like CdTe and a 2um thick layer can absorb most of the solar spectrum.
A typical cell structure is composed of a Cu deficient layer acting like the p-type
layer and CdS n-type layer. CIGS layers deposited by using different deposition
methods yield smilar efficiency values and performance of the cells are not affected
by the grain sizes. Due to this reason it attracks attention of the industry by means
of producibility with low cost wet chemistry methods. Vacuum methods like
sputtering, evaporation techniques or cheaper methods like electrodeposition, spray
pyrolysis and printing have been succesfully employed for CIGS cells. Efficiency
values are around 19% for cells and 16% module efficiencies were reported. Many
research groups and companies are still working on development and

commercialization of these type of cells [6].

2.2.6 Dye Sensitized Solar Cells

Dye sensitized solar cells (DSSC) belongs to a group of solar energy materials
called third generation photovoltaics and have been attracting great attention since
their first introduction. DSSCs are referred as artificial photosynthesis where
working principle is similar to plants and distinguishes from the conventional

photovoltaic materials. In Figure 2.6, components of a DSSC is given:

e Transparent and condcuting oxide coated glass (TCO)
e Wide band gap semiconductor

e Dye molecules attached on the surface of nanoparticles
e Redox electrolyte

e Counter electrode coated with catalyst layer
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Glass

TCO

Platinum

Electrolyte

Figure 2.6 Schematic structure of a DSSC [7].

The anode part of the cell is made up of a wide band gap semiconductor like TiO,
or ZnO nanoparticles forming the mesoporous matrix. These mesoporous structure
is attached to the TCO material like fluorine doped tin dioxide (FTO) or indium tin
oxide (ITO) which is the collecting electrode. A monolayer of dye molecules are
chemically bonded to the surface of the nanoparticles and is responsible from the
absorption of incoming photons. The difference of the HOMO and LUMO levels of
the dye molecules is around 1.5 eV which is similar to most inorganic photovoltaic
materials. Dye molecules, mesoporous matrix and the collecting electrode together
form the photoanode of the cell. The cathode part is composed of a FTO glass
coated with a thin layer of platinium or carbon which is the catalyst material
responsible from the efficient redox reactions occuring on the electrolyte cathode
interface. The redox electrolyte is placed between the anode and cathode part of the
cell and infiltrated within the pores of the mesoporous matrix. Electrolyte contains
the redox couple, I3/1" in most cases, which reduces the oxidized dye molecules
after light absorption and carries oxidized species to the counter electrode for
completing the cycle. They act like hole transporting p-type layers in conventional
solar cells. Cells are finally sealed by hot melt glues or glass frits to prevent the

electrolyte leakage[8, 9].
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The working mechanism of the DSSCs differ much from the conventional pn
junction solar cells by means of the driving force of the charge seperation and
transport. Electron hole generation occurs in the dye molecules and the electron is
tranferred the mesoporous layer. The rate of this reaction is magnitudes of higher
than the back reaction of the electrons with the excited dye or electrolyte species.
The accumulation of the electrons in the TiO, conduction band results in diffusion
of electrons to collecting electrode and redox couple also diffuse to the counter
electrode. The ambipolar nature of charge transport distinguishes this type of cells
from the pn junction solar cells where charge seperation is driven by the internal

electric field.

The development studies conducted on the DSSCs have been carried out since past
20 years as a low cost alternative to conventional solar cells efficiencies up to 15%
have been reaches containing liquid electrolyte based cells. However, due to sealing
problems and low stability commercialization is still problematic. Research on the
replacement of the liquid electroyte with solid state hole conductors and application
of inorganic absorber meaterials have lead to born of a new material and a new era,

known as the perovskite solar cells in the past 5 years.

2.3 Perovskite Solar Cells

Perovskite material has been first found and defined by Russian minerologist L.A.
Perovski. Organic-inorganic hybrid solar cells based on perovskite halide materials
had a great impact on photovoltaic industry. They show superior efficiency values
compared to existing organic solar cell technologies and dye sensitizied solar cells.
Strong optical absorption, high carrier mobility and low rate of recombination are
the main reasons underlying the outstanding photovoltaic performance of these
materials [10]. From point of view of fabrication and commercialization, perovskite
based solar cells are also attractive because they can be produced by simple
synthetic methods like wet chemistry. They are quite advantegeous by means of

capital investment compared to other thin film technologies. Solution processed thin
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film technologies promise the low cost solution in the PV market compared to
existing technologies like silicon wafer based solar cells. Techniques like spin
coating, spray deposition, inkjet printing, doctor-blade coating or slot die coating
can easily be integrated to produce perovskite based solar cells, which have already
reached 22% efficiency values competing with CdTe, CIGS thin film solar cells and
far beyond the best organic and dye sensitized solar cells, given in Figure 2.7 [11].
Far more advances and efficiencies up to 25% is expected in near future [12].
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Figure 2.7 National Renewable Energy Laboratory best research cell efficiencies
chart [11].

The first perovskite based solar cell was reported by Kojima et al. employing a
halide perovskite material in the form of CH3NH3PbX; (X = Cl and Br) in 20009,
with a power conversion efficiency of 3.8% [13]. This vale was extended to 6.54%
two years later [14]. However both cells were employing liquid redox electrolyte in
cojunction with the perovskite sensitizer and syffered from rapid degradation the
cell. First stable perovskite solar device was constructed by Kim et al. using spiro-
OMETAD as a solid state hole conductor and exhibited an efficiency of 9.7% [15].

After this breakthrough, a rapid progress in perovskite solar cells research has

26



emerged and followed by some mile-stone developments. Replacement of TiO; as
the electron conducting medium by Al,O3 in a solid state device exhibiting 10.9%
efficiency showed that perovskite crystals embedded in the mesopurous matrix can
also conduct electrons and holes. This configuration was referred as meso-
superstructured perovskite solar cells [16]. This demonstration opened the way of
development of planar perovskite solar cell architectures wthout the necessity of
mesoporous scaffolds and application of perovskite material as the charge
conducting medium itself both functioning as the conduction medium and light
harvester at the same time. Burschka et al. developed a two step sequential method
for deposition of perovskite crystals into the mesoporous TiO; scaffold and reached
an efficiency of 15%, in 2013 [17]. From that date, many deposition approaches and
tuning of the composition of the perovskite layers like compositional engineering
and anti solvent one step methods extended the efficiency values up to 21% [18].
Stability of the perovskite solar cells have also been improved by the compostional
engineering approach by doping the perovskite crystals with Cs™ and Rb" ions [19]
or by replacing the TiO, layers with La-BaSnOj3 [20]. All these reported values are
valid for small scale laboratory cells which cannot be large than 0.1 cm? and do not
represent large area modules and sub-modules. From point of view of
commercialization, scale up of the cells is also important. Another important issue
related with perovskite solar cells is the stability of these devices. It is known that
perovskite materials are sensitive to humidity and thermal stress conditions where
structure loses its semiconducting property upon degradation [21]. Increasing the
stabiity and device lifetime of perovskite based cells is still a major challange and

research priority for the community.

2.3.1 Perovskite Crsytal Structure

CaTiOg is the first mineral identified as the perovskite structure. Halide perovskites
which are a new class of perovskite materials, is the most widely used one and
possess attractive photovoltaic features. Stoichiometric perovskite shows ABX3

structure in general. Here, A represents the organic cation like methyl ammonium or
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formamidinium, B represents the transition metal like Pb or Sn and X represents the
halide like I, Br or Cl. Perovskites possess 3D structure where BXg octahedra with
the X atoms shares the corners and B atoms in the middle of the octahedra, together
with A cations are surrounded by eight octahedra (Figure 2.8). This structure is the
key for the tunability of the opto-electronic properties of the perovskite like the
band gap of the material and origin of the photovoltaic characteristics like high
absorption coefficient, high diffusion length, ambipolar transport and low exciton
binding energy [22].
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Figure 2.8 Structure of perovskite type crystals with the general ABX; form [23].

In general, in order to achieve crystallographic stability and the perovskite structure,
in addition to A, B and X ions, an octahedral factor (u) and tolerance factor () must

be taken into account, where:

_Rg
=
Eq. [2.5]
{= Ra+ry
V2(Rp+Ry)
Eq. [2.6]

Here, Ra, Rg and Rx corresponds to the ionic radii of the ions A, B and X,

respectively. Perovskite structure will tend to be more cubic if the { value is
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between 0.89-1.0. Lower t values means structure will convert into orthorombic or
less symmetrical tetragonal phase. The ideal cubic structure can be obtained by a t
value of unity. Although there are constraints, a perovskite material will show
structural deviation between these phases depending on preparation conditions or by
effect of heat, where cubic structure is more likely to be seen at high temperatures

as seen in Figure 2.9 [24].
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Figure 2.9 Phase transition of perovskite lattice from tetragonal to high temperature

stable phase of cubic structure [24].

The deviations and variability of the perovskite structure is of considerable interest
because distribution and alighment of the components strongly affect the opto-
electronic properties of the perovskite materials. Cations in perovskite crystals have
no significant impact on the electronic band structure of the material and contributes
as a charge compensation. On the other hand for optical properties, the cation plays
an important role because it determines the distribution of the octahedral network.
Small sized A cations like formaminidium or methylammonium possess a 3D
structure where larger A cations will lead to formation of low dimensional laters or
confined structured perovskites. 3D structure is important for maintaining high

extinction or absorption coefficient [25]. MAPbIs, which is the most widely used
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perovskite halide material shows light absorption capability higher than best
performance single junction solar cell material like GaAs and far more than crystal
silicon. First principle calculations revealed that Pb-1 bonds determine the electronic
structure of MAPDI3. Pb 6s and | Sp orbitals forms anti bonding hybrid states and
determine valence band maximum. Pb 6p and | 5p orbitals are responsible from
conduction band minimum making a non bonding hybrid state [26]. High
absorption coefficient is related to the high density of states in the conduction band
minima and direct p-p transition is believed to be reason behind it. Thanks to high
absorption coefficient and reflective character of the back contact metals used in
perovskite solar cells, most of the incoming photons lower than the band gap value
of perovskite can be harvested.

2.3.2 Organic-Inorganic Hybrid Mesoporous Perovskite Solar Cells

Application of semiconductor inorganic materials, organic dyes or novel
absorberslike perovskite materials as sensitizers in mesoporous structures or other
bulk heterojunction cells have been investigated last years. Ru based organometallic
complexes have dominated the photoelectrochemical cells as the best efficiencies
were obtained by use of these materials. Although numerous sensitizers like organic
metal free molecules have been investigated and applied in DSSC, Ru-complexes
dominated the best results among others. Ultra fast electron injection dynamics of
dye metal oxide couple is the main reason for electron injection efficiency of nearly
unity which is considered to be the major factor of the success in DSSC. However,
most Ru-based dye molecules in use today, have low absorption coefficients and
molar extinction coefficients which results in thicker TiO, films for efficient light
harvesting. As thickness of a nanocrystalline layer increases, both recombination is
enhanced due to high diffusion length and open circuit voltages decreases for these
type of cells. Replacing the low absorptive dye molecules with inorganic well
known semiconductors seems to be a convenient way of increasing the efficiency of
DSSC. The reason of incorporating inorganic semiconductors is not only the high

absorption but also the quantum size effects observed in small size nanocrystals, the
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quantum dots (QDs), which contributes to size dependent semiconducting
properties as well as unique phenomenons like multiple exciton generation and hot
electron transfer events [27]. Combination of these properties is believed to be a

revolutionary milestone in DSSC as well as for all types of photovoltaic devices.
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Figure 2.10 Device architectures of mesoporous solar cells with different absorber

and hole conductors [29].

Most common semiconductors employed as the sensitizer in mesoporous solar cells
are CdSe, CdS, CdTe, InP, InAs, PbS, PbSe and other transition metal sulfides
which can absorb in the visible region of spectrum. These semiconductors have
shown size dependent electronic properties in which band gaps and position of
valence and conduction bands vary with decreasing crystal size. Tunable electronic
structure is advantageous in designing novel architectures like tandem or donor
acceptor approaches. In their individual form, recombination is the dominating
event as the absorber in a typical solar cell, however coupling a semiconductor
quantum dot with a wide band gap metal oxide results in an efficient charge transfer
and exciton separation. Transient spectroscopy techniques have shown decreased
luminous decay of electrons in quantum dots when incorporated with a TiO, or
SnO2 layer effectively, indicating efficient charge transfer reactions between each
other. As the electronic structure of QDs can be tuned by size regulation, it is
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possible to enhance, promote or suppress electronic transfers between individual
QDs or nanoparticles [28]. Typical device structures of mesoporous solar cells
employing different sensitizer materials and hole conductors have been given for

comparison in Figure 2.10.

Perovskite sensitized solar cells belong to the group of mesoscopic solar cells or
excitonic solar cells where similar to dye sensitized solar cells, an absorber layer
sensitizes a wide band gap semiconductor in cojunction with a hole transporting
medium (HTM). As the main difference from typical dye sensitized solar cells,
absorber layer is a perovskite structured material apart from metallorganic or fully
organic dyes applied in DSSCs. This type of solar cells can also be considered as
the mesoscopic solar cells as similar to DSSC, absorber perovskite layer is attached
to the surface of mesoporous wide band gap electron transporter and cell functions

in the absence of an internal electric field.

Methylammonium lead halide (CH3NH3PbX3, X = halogen; CH3NH3: MA) and its
mixed-halide crystals, corresponding to three-dimensional perovskite structures,
have been used as light harvesters for perovskite sensitized solar cells. The
advantages of these compounds have already been demonstrated as a noteworthy
example of potentially useful physical properties such as nonlinear optical
properties, electroluminescence, organic-like mobility, magnetic properties,
conductivity, and so forth. Perovskite-based hybrids can be synthesized using
simple and cheap techniques due to their self-assembling character. Thus, these
hybrid materials have the potential to be ideal light harvesters for low-cost and
highefficiency solar cells. The cell architectures for solar cells consist of a porous
layer of a nanocrystalline metal oxide covered with sunlight-absorbing MAPbX;
and a hole-transporting material. They are cost-effective due to their simple

fabrication process and high efficiency.

The band gaps of MAPbI; and MAPbBr; were reported as 1.5 and 2.3 eV,

respectively. These two materials have a suitable band position for heterojunction
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solar cells using a mesoscopic TiO, photoelectrode since the conduction band
energy (CBE) of both MAPbI; and MAPDBr3 is higher than that for TiO,. Besides
these materials can be prepared in alloyed form for band gap engineering and tuning
of the band gap to desired values although 1.5 eV is very suitable for solar cell

applications.

The solid-state perovskite sensitized solar cell structure is pseudo junction type,
where an intrinsic light harvester adsorbed on an n-type TiO, surface is in contact
with a p-type HTM. A compact thin layer, the blocking layer, forms on a
transparent conductive oxide (TCO) substrate to protect recombination of the
electron in TCO and the hole in HTM. A metal layer such as gold or silver is
deposited on top of the HTM layer, in which the work function of the metal should
be considered in order to transfer the hole from the HTM layer. Because electrons
are collected at TCO, the TCO substrate with the TiO, film is a photoanode (minus
electrode), and the metal layer on HTM is the cathode (plus electrode). The
fabrication process is as follows. First, a compact TiO; blocking layer is deposited
on a TCO substrate, where fluorinedoped tin oxide (FTO) has been usually used for
TCO because the high haze surface of FTO provides a strong adhesion with the
nanoparticle TiO, film. This is an important step because the role of the compact
layer is to protect direct contact between the FTO and HTM. Once the compact
layer forms, nanoparticle TiO; paste is deposited on the compact layer covered FTO
substrate and annealed at around 450—500 °C to have a mesoporous film. In this
process, the porosity and thickness should be carefully controlled because porosity
and thickness governs the pore filling and conductivity of HTM. Sensitizers are
then adsorbed on the annealed TiO, film, which is followed by spin-coating the
HTM solution. During spin-coating, HTM is infiltrated into the pores of the TiO,
film. Finally, the metal electrode is formed on the HTM layer using a thermal

evaporator (Figure 2.11).
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Figure 2.11 Schematic representation and SEM image of a typical solid state

perovskite sensitized solar cell [30].

One of the major advantages of organometal halide perovskite absorbers is the
extinction coefficient or absorption coefficient. Because the (CH3NH3)Pbls
nanocrystals exhibit a one order of magnitude higher absorption coefficient than the
conventional N719 dye, they offer advantages for use in solid state sensitized solar
cells where much thinner TiO, layers are employed than in liquid junction devices.
Most solid state hole conductors tried in dye sensitized solar cells faced penetration
and wetting problems into the 10 micron thick mesoporous layers and suffered from
short carrier diffusion lengths in such thick devices. High absorptivity of
perovskites opens the way of using thin layers and succesful hole conductor
penetration. An all solid state perovskite sensitized solar cell with an efficiency
value over 9% could be realized using (CH3NH3)Pbl; as sensitizer and spiro-
MeOTAD as the hole conductor medium on a submicron thick TiO, layer [15].
After first realization of a full solid state and high efficiency perovskite sensitized
solar cell, work have been conducted on different type of hole conductor materials
and cell structures. Seok et al. reported an an efficiency up to 14% using lead iodide
and bromide mixture perovskite absorber based cell where hole transport medium is
polytriarylamine[22]. Burscka et al. employed a sequential deposition route to
deposit lead perovskite layer inside the pores of the TiO, layer which enhances the
particle size distribution and coverage. They also used spiro OMETAD as the hole

conductor but in cojunction with additives like 4-tert-butylpyridine, lithium bis
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(trifluoromethylsulphonyl) imide and tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)
cobalt (I11) bis (trifluoromethylsulphonyl)imide in order to enhance the conductivity
of spiro OMETAD medium, yielding an efficiency of 15% [17]. Qin et al. reported
a lead iodide based perovskite absorber based cell employing CuSCN as the hole
conductor medium and reached 12.4 % efficiency [32]. A lead-free solid-state
organic—inorganic halide perovskite solar cell was realized substituting lead with tin
and spiro OMETAD hole conductor giving an efficiency of 5.73% [33]. Snaith et al,
employed methylammonium lead iodide chloride (CH3NH3Pbl;<Cly) as the
perovskite layer and used aluminium oxide as the mesoporous media different from
TiO, and realized an efficiency of 10.9% [16]. They report that Al,O3; based cells
yield remarkably higher photovoltage and efficiency value from TiO, based cells
due to reduced recombination by using alumunium oxide. This finding is interesting
because in this type of cell, electron transport occurs not from mesoporous layer but
from the perovskite layer itself. Upon this particular finding, ideas and approaches
like deposition of single junction perovskite layers, similar to conventional silicon
solar cells or thin film solar cells, became popular and different device architectures
like planar cells without any mesoporous scaffolding layers or hybrid structures
have risen in perovskite research community. A rapid progress in device structures

lead to n-i-p or p-i-n configurated solar cells.

2.3.3 Device Architectures of Perovskite Solar Cells

The architecture of the perovskite solar cells have decisive effect on the
performance of the devices and dictate choice of materials, deposition methods and
compability between individual layers. So far, two dominant architectures have
been developed and employed in perovskite solar cells, the mesoscopic and the
planar architectures. Figure 2.12 shows the basic structures of these architectures
based on the sequence of the layers and the employed materials for construction

where the n-type and p-type materials show variation depending on the architecture.
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Figure 2.12 Device architectures of perovskite solar cells [34].

2.3.3.1 Mesoscopic Architecture Perovskite Solar Cells

The mesoscopic or mesostructured cells have been studied extensively because of
the fact that historic evolution of perovskite solar cells rise on the mesosocopic
cells, sensitized solar cells where first perovskite cell was employing perovskite
crystals as a sensitizer in a dye sensitized solar cell configuration. In these studies,
the mesoporous layer was an active n-type material and was contributing the cell
operation by conducting electrons injected from the perovskite layer. The most
widely used compound in these works was TiO,. Although due to development of
planar architecture, the necessity of existence of TiO, layer is suspicious, the
thickness of the TiO, layer is a key parameter for achieving high efficiencies. It has
been showed that in contrast to DSSCs where a several microns thick TiO, layer is
essential for efficient light absorption due to low absorption coefficient of Ru based
dyes, sub-micron thick TiO, layers are sufficient enough for absorbing most of the
solar spectrum and optimum mesoporous layer thickness is on this range [35]. This

situation is also related to the fact that pore filling of the mesoporous structure plays
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a dominant role in this configuration. For high concentration perovskite precursor
solutions, a 300 nm thick film at least yields the best results due to the formation of
continious and interconnected perovskite crystals, instead of a randomly distributed
weakly connected nanoparticles. This coverage efficiency of the TiO, by the
perovskite crystals also plays an important role in preventing the direct contact
between the hole transport material and TiO, layer [36]. TiO, can not only be
deposited as a nanoparticulate structure, but other shapes like rods, nanotubes, wires
or flakes are possible candidates for mesoscopic layers in perovskite solar cells.
Such 2-D ordered structures offer better electron pathways and enhanced electron

collection efficiency compared to 1-D nanoparticles.

The mesoporous layers employed in perovskite solar cells are not limited to n-type
materials. So far, mesoscopic p-type layers were succesfully demonstrated as hole
collection layers similar to TiO, based cells, Of course, in this case a p-type
blocking layer is also essential. Nickel oxide based mesoscopic perovskite solar
cells possessing a ITO/NiO/mp-NiO/PCBM/BCP/AI structure was developed and
efficiencies up to 11.6% was achieved by using sputtered NiO layers instead of a
spin coated layer [37]. This type of a perovskite solar cell is considered as a typical
mesoscopic p-i-n configuration. These studies showed the versatility of the
perovskite solar cells and by removing the low stability p-type polymeric hole

conductors, stability issues were also improved.

The mesoscopic layers in perovskite solar cells can also be modified with additives
which are incorporated with in perovskite layer and contribute to the cell
functioning by either enhancing the charge transfer processes or light absorption
efficiencies. Cooperation of quantum dots of lead sulfide in a mesoscopic
perovskite solar cell resulted in a panchromatic light absorption extended to near
infrared region and enhanced internal quantum efficiency. These particles also are
reported to contribute to electronic charge transfer between TiO, and the perovskite

layer [38]. Similar to quantum dots, graphene and fullerenes or their composites can
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be used to modify TiO,-perovskite interface and improve charge transfer events

occuring between the mesoscopic layer and the perovskite layer [39].
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Figure 2.13 Cross-sectional SEM image of a mesoporous perovskite solar cell
employing insulating Al,O3 scaffolding layer[40].

Mesoscopic layers used in perovskite solar cells contributes to cell functioning by
transporting electrons or holes, however insulating materials like Al,O3 or ZrO, can
also be employed as the mesosocopic elements (Figure 2.13) and act like
scaffolding layers, which means that they do not involve in charge transport but
supply the necessary room for deposition of perovskite crystals. One of the major
advantage of the application of scaffolding layers is the reduction in processing
temperatures. In contrast to cells employing TiO, or ZnO layers, no additional heat
treatment for removal of organic binders in the pastes used for deposition and
sintering of the nanoparticles, scaffolding layers require no heat treatments. It has
been shown that scaffolding layers can be processed at temperatures around 150°C
and can be used in flexible substrates [40]. The demonstration of the applicibility of
insulating layers in perovskite solar cells also contributed to the development of
planar perovskite architectures after realization of the fact that in the case of
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scaffolding layer based solar cells, the perovskite layer acts similar to a thin film

solar cell.

Various hole transporting materials of polymeric or inorganic substances have been
succesfully employed as the hole selective layers in mesoscopic solar cells.
However, hole conducting free mesoscopic perovskite solar cells also show
promising results and attentions have been focused on these configurations. Organo
lead halide materials possess intriguing semiconducting properties like ambipolar
nature and long carrier life time and as a result, perovskite layer itself can conduct
holes efficiently without the need of an hole transporting medium. The materials
cost of perovskite solar cells can be greatly reduced with elimination of a hole
conducting material. In addition, most p-type materials are polymeric substances
like the most popular spiro-OMETAD which are quite sensitive to moisture and
athmospheric effects, leading to decreased service times. It has been demonstrated
that by using a mesoporous TiO2 network, perovskite layer embedded inside pores
and gold as the counter electrode, with a device architecture of FTO/bl-TiO,/mp-
TiO,/CH3NH3PbIs/Au, efficiencies up to 11% is achievable [41]. In this structure,
due to the n-type TiO, layer and p-type perovskite layer, a depletion region is
formed extending along the TiO, and the perovskite. The built in electrical field
succesfully leads to charge seperation and transport through the cell and back
reaction of the holes and electrons can be suppressed efficiently. Width of the
depletion layer strongly correlates to the efficiency of the cell and effect of the

depletion layer was clearly revealed.

Carbon based electrodes have been developed in terms of the need for hole
conductor free devices and as a replacement of the noble metal counter electrodes
which are all rare earth expensive metals. They are also deposited by high cost
evaporation techniques. Carbon however, is an earth abundant, stable and cost
effective material which has a work function of 5.0 eV, close to that of Au with 5.1
eV. Screen printed carbon electrodes have been employed as the counter electrode

in a layered mesoporous structure of TiO, and ZrO,. With the aid of additives like
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ammonium valeric acid iodide (5-AVAI) and a structure of FTO/bl-TiO/mp-
Ti0,/mp-ZrO,/CH3NH3Pbls/Carbon, efficiencies up to 12.8% was reported [42].
The role of the 5-AVAL is reported to reorganize the crystallization behaviour of the
perovskite crystals embedded inside mesoporous network and due to a preferential
orientation of the crystals, harge collection efficiencies are improved. Unsealed
cells still retain their efficiencies and excellent stability is also attributed to the

carbon electrode, preventing the moisture from penetrating deep inside the cells.

Various researches so far have alreadily showed that perovskite crystals act like a p-
type layer and a hole conduction medium is not a prerequiste. However, hole
conductor free cells still cannot compete with the cells with polymeric hole
conductors by means of efficiencies. Charge extraction efficiency and suppression
of recombination are actual reasons for the superior performance of the cells with
hole conductors and they yield higher open circuit potentials and fill factors.
Strategies like improving the built in potentials, deposition of more homogeneous
layers and suppression of recombination by employing insulating layers are on

research stage and promise enhanced efficiencies for future.

2.3.3.2 Planar Architecture Perovskite Solar Cells

The low tempearture processibility of perovskite solar cells was demonstrated,
however most groups still employ mesoporous solar devices which require high
temperature sintering stage, especially for high efficiency devices. The mesoporous
layer can be excluded from the perovskite dolar cells due to the ability of the
perovskite layer to transport electrons and holes efficiently during cell operation,
which leads to deposition of planar perovskite solar cells. One of the major
advantages of the planar architecture is the low temperature deposition conditions
and applications on polymer substrates for flexible photovoltaics. In addition, lack
of the high temperature treatment is also economically more viable and opens the

way of more versatile deposition techniques.
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Planar architecture perovskite solar cells can be contructed two ways referred as the
n-i-p configuration or the conventional way and the p-i-n configuration or inverted
solar cells. n-i-p configuration is the most commonly employed structure where the
n-type layer is deposited on the TCO glass and light passes through this layer. Cell
is completed by the deposition of the perovskite layer, p-type alyer and the back
contact. In planar n-i-p, the actual difference is that mesoporous n-type layer is not
deposited as the electron selective scaffold. The electron selective n-type layer can
be deposited in different ways. First examples were simply TiO, nanoparticles with
reduced porosity and low temperature heat treatments [43]. Chemical bath
deposition of rutile TiO, from aqueous TiCl, solutions were also employed for low
temperature applications and provided efficiencies up to 13.7%, which is also found
to be superior compared to anatase TiO, [44]. ZnO has higher mobility than TiO,
and ZnO nanoparticles were succesfully employed as the electron transport layers in
flexible substrates. ZnO can easily be synthesized by hydrolysis of its precursors at
low temperature conditions and require no thermal treatment. 15.7% efficiency
values were observed from spin coated ZnO layers on conductive flexible substrates
[45]. As the hole transporting medium, similar to the mesoporous structures, spiro-
OMETAD is the choice of the p-type material yielding the highest efficiencies.
Other polymeric hole conductors were also studied in planar n-i-p configuration
solar cells and gave lesser performances like P3HT or other polythiophene
derivatives. On the other side, interlayer additives used for the modification of the
anode part give promising results. These interlayers are useful by means of reducing
the work function of the collector electrode and enhancing the charge transfer

between electron transport layer and the perovskite layer like PEIE and PCBM [46].
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Figure 2.14 Energy levels of components of perovskite solar cells in n-i-p and p-i-n

inverted configurations [47].

p-i-n architecture perovskite solar cells can basically be distinguished from the
conventional n-i-p structure by the direction of the incoming light where a p-type
layer is deposited on the TCO glass and perovskite and n-type layer is deposited
sequantially. But this configuration actually differs from n-i-p architecture by
means of the hole conducting layers where well known spiro-OMETAD is not the
material of choice in this case. In the early attempts of constructing p-i-n perovskite
solar cells, PEDOT: PSS was employed succesfully where the n-type layer is most
commonly PCBM, both of which can be deposited by spin coating [48]. Due to the
stability issues regarding the highly hygroscopic PEDOT: PSS layers, nickel oxide
was used as an inorganic highly stable alternative. NiO has a favorable band
alignment with a valence band minimum of -5.4 eV which perfectly matches with
that of perovskite layer ans several groups have studied deposition of the NiO
layers. The TCO layer is FTO or ITO for both configurations where back contact
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metal is chosen as the high work function Au for n-i-p configuration cells for
efficient charge transfer from the p-type layer. In the case of the inverted cells, a
low work fucntion metal like Ag or Al are most widely used to extract electron
from the n-type layer. Figure 2.14 shows the direction of charge flow inside the

cells depending on the architecture.

Device configuration of the perovskite solar cells have great impact on the
efficiency and stability of the cells as well as cost and mass production is also
influnced direcly because of the fact that structure of the cell dictates the materials
of choice. There is great effort to replace polymeric materials like the PEDOT:PSS
and PCBM with inorganic counter parts in planar configurations and enhancing the
efficiency of these architecures is of great importance due to the elimination of the
high temperature sintering process of mesoporous layers. In addition, deposition
methods like evaporation or spin coating on flexible substrates at low temperatures
attract great attention from the industry.

2.3.4 Deposition Methods of Perovskite Layers

Performance of the perovskite based solar cells highly depend on the morphology
and surface coverage of the perovskite layer on different substrates and perfection
of the controlling of the perovskite layer resulted in the highly efficient solar cells
developed until this date which have progresses rapidly. Different approaches for
deposition of perovskite layers in literature, mainly rely on the crystallization of the
perovskite layers from its precursors. It has been shown that by employing different
crystallization strategies, it is possible to deposit large crystalline domains or large
perovskite grains which is the major factor for achieving highest efficiency from a

perovskite solar cell.
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2.3.4.1 One-step Deposition

First solar cells with perovskite layers were constructed by a one-step deposition
method, where a precursor solution containing PbCl, and excess MAI were
dissolved in DMF coated on the mesoporous layer by a spin coating procedure.
However, both Pbl, and PbCl, yielded poor surface coverages with needle-like or
island-like structures on the mesoporous layers. Although 10% efficiency limit was
reached with this methods in the early studies, such uncovered areas are detrimental
to cell functioning where p-type layer come to direct contact with the n-type layers,
resulting in strong recombination centers for the carriers [49]. First attempts for the
modification of the perovskite layer were focused on the solvent media and solvents
like DMSO or N-methylpyrrolidone were studied for perovskite deposition which
lead to more homogeneous layers and planar architecture cells could be succesfully

prepared with high effciency through this solvent engineering approaches [50].

Actual boost to solar cell efficiencies by modification of the one-step deposition
method was achieved by the introduction of the anti-solvent approach. Dropping an
anti-solvent on the wet film during spin coating, results in fast crystallization of the
precursors in the solution. Many solvents which have poor solubility of the widely
used precursors of CH3NHzPbl; like isopropanol, toluene, chloroform or
chlorobenzene have been tried so far and micron scale perovskite grains could be
deposited due to induced crystallization of the precursors during the spin coating
stage where solvent evaporation and nucleation is the major factor determining the
morphology of the resulting films. Efficiencies up to 14% for planar architecture
devices and a record efficiency of 16% was reported for that date in a mesoscopic
cell by a mixed solvent of DMSO and butyrolactone where toluene was used as the
anti-solvent agent [51]. As proven by the earlier studies, addition of some
complexing agents into the precursor solvents also has considerable effect on the
film morphology of the perovskite layer. DMSO has higher solubility of Pbl, than
DMF by complexing with the strong coordination with Pbl,. This results in reduced

reaction Kkinetics and o more controllable crystallization can be realized through
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creation of an intermediate phase before crystallization and in turn films possess
larger domains (Figure 2.15). DMSO addition forms a stable complex with Pbl, and
retards the crystallization procedure which after goes into a molecule exchange
reaction with the other organic molecules in the precursor film. This type of Lewis
adducts have been studied also in depth for larger grain sizes and enhanced

efficiency of the perovskite cells [52-54].
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Figure 2.15 Anti-solvent approach for one-step perovskite deposition [54].

In addition to solvents used in precursor solutions, precursor materials also have
high impact on the resultant films. Lead (1) salts employed in the film preparation
like the halides or other anions, contributes to the defect concentration of the final
films where iodine rich films have higher trap densities compared to the iodine poor
growth conditions [55]. The lead salt also affects the morphology of the films due to
differences of crystallization kinetics of each anion during deposition. Activation
energy for crystallization is different for each salt and annealing time and
temperatures can be tuned accordingly. Lead (Il) acetate was proven to yield the
smoothest films among all precursor solution due to increased crystallization rate
and ultrasmooth pin hole free layers can be deposited to yield high efficiency planar

perovskite solar cells [56].
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2.3.4.2 Two-step Deposition

Apart from the one-step deposition methods, two-step deposition method was
developed in the early works of perovskite research. The main difference of the
two-step method is to deposit each layer for the formation of the CH3NH3Pbl; phase
sequentially so this method is also referred as the sequential deposition. For this
purpose, Pbl, was dissolved DMF solution and deposited on the substrate by spin
coating. Conversion of the Pbl, thin film is conducted by immersing the film into a
solution of MAI, concentration of which directly affects the morphology of the
resultant films. Cuboidal or smaller perovskite particles were obtained through this
method instead of a continious large grain sized films produced by the one-step
anti-solvent methods and efficiencies over 12% were reported in TiO, mesoscopic
cells [57].

In-situ formation of the perovskite crystals by the two-step method are mainly
governed by the diffusion, dissolution and recrystallization of the reactants in the
predeposited Pbl, film. In addition the morphology of the Pbl, films which also
affects the final form of the perovskite crystals, diffusion of MAI strating from the
top the Pbl, grains, converts the strucute into perovskite in the upper layers and
diffusion governs the rate of this reaction. Meanwhile perovskite crystals formed at
the top go into a dissolution and recrystallizaiton stage and a process similar to
Oswald repining grows the crystals in the perpendicular direction and stress results
in the cracked and smaller grains on the top [58]. Instead of free standing individual
particles grown by the low concentration MAI solutions, increased concentration of
the MAI solution and depositing a seperate MAI layer on the Pbl, make it possible
to grow a continious and dense film made up of large grains for high efficiency and
planar device configurations. By modification of the concentration and thickness of
the each layer, films with desired thickness and continious structure can be achieved
and high efficiency cells can be prepared with controlled grains sizes [59].
Efficiencies up to 16% have been reported in an inverted planar configuration

constructed by the two-step method with enhanced open circuit voltages [60].
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2.3.5 Hole Transport Materials For Perovskite Solar Cells

2.3.5.1 Organic Hole Transport Materials

The emergence of perovskite solar cells was due to the outstanding properties of the
perovskite material and as well as the polymeric solid state hole conductors with
excellent matching with the perovskite layer. It has been pointed out in the previous
sections that spiro-OMETAD is the choice of the hole conducting material and
highest efficiencies reported to date still employ it. Success of spiro-OMETAD is
related to the fact that it is well known and deeply studied in solid state dye
sensitized solar cells and organic light emiting diodes before perovskite solar cell
applications. However, the cost of thgis material is problematic for large scale
applications and stability issues regarding the air sensitivity could still not be
solved. From a point of view of commercialization and acceptance of perovskite

solar cells by the industry, development of low cost alternatives is crucial.
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Figure 2.16 Various hole conducting materials employed in perovskite solar cells
so far [61].

Hole transport materials to be applied in perovskite solar cells must meet some

requirements similar to the solid state dye sensitized solar devices. Firstly they must
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have a proper band alignment with that of perovskite, which means that HOMO
level of the hole transport medium must be energetically compatible with the
valence band of the perovskite lying around -5.4 eV. In Figure 2.16, HOMO levels
of many polymeric and some inorganic materials are summarized. The desirable
band alignment is a negligible energy difference of the HOMO level and valence
band of the perovskite, no more than 0.05 eV. Higher differences leads to an energy
barrier for hole transfer and limits the current output, where low lying levels results
in reduced open circuit voltages attainable from the cell. In addition to energetic
consideration, the hole conducting medium must have a good mobility and
solubility in well known solvents for film formation. In contrast to solid state dye
sentsitized solar cells, pore filling ability is not a prerequiste for the hole conductors
as long as the pores are filled with perovskite crystals and homogeneous pin-hole

free film formation is more crucial for the device function.

Polymeric hole transport materials have better mobility and film forming ability
than the small molecule materials and have been studied in perovskite solar cells.
Poly triarylamine (PTAA) and poly 3-hexylthiophene-2,5-diyl (P3HT) were the first
ploymers employed in mesoporous architectures. Efficiencies up to 17.9% was
reported for PTAA [62], where P3HT vyielded lower efficiencies in pristine form.
P3HT functionalized carbon nanotube hole conducting layers gave the highest
efficiency of 15.3% so far [63]. The electrical conductivity of the polymeric
materials can be greatly enhanced by certain additives like pyridine or cobalt
complexes and most high efficiency cells employ polymeric conductors modified
with the additives, which is also valid for the spiro-OMETAD material. Another
advantage of polymeric hole conductors is the tunability of the electronic properties
by modification with certain additives and deeper HOMO levels can match
perfectly with halide perovskites like CH3NH3PbBrs; which gives enhanced open
circuit potentials and can be employed in tandem devices. Small molecule haole
tranport materials are also promising materials by means of versatility in their
design and mostly pyrine and triarylamine derivatives are employed and efficiencies
up to 13.8% could be achieved [64].
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2.3.5.2 Nickel Oxide (NiO) Based Inorganic Hole Transport Materials

Although highest efficiencies reported to date are based on the polymeric materials
like spiro-OMETAD and PTAA, the extreme cost of these materials and stabilty
issues still stand as an obstacle for large area applications. Inorganic p-type
materials offer the low cost, abundance, high hole mobility and extreme stability
compared to the polymeric counter parts. There are few p-type materials which
satisfy the electronic band matching and hole conduction with the organo lead
halide perovskite materials (Figure 2.17). These materials are mainly copper
compounds like copper (1) iodide (Cul), copper (1) thiocyanate (CuSCN), cuprous
oxides (CuO, Cu,0O) and the well known nickel (II) oxide (NiO). Vanadium (II)
oxide (V20s) and some other novel p-type materials have also been studied and

demonstrated as suitable p-type materials for perovskite solar cells applications.
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Figure 2.17 Energy band diagrams of the inorganic p-type materials which satisfy

the electronic band condition in perovskite solar cells [65].
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NiO is a superior candidate for perovskite solar cell applications possessing
excellent thermal and chemical durability, low cost and abundance and have been
proven to act like a hole transport medium thanks to its sutaible work function and
valence band position with respect to perovskite absorber. The high conduction
band position is quite advantageous for blocking electrons from the perovskite
layer. The first attempts to employ NiO as the charge selective layer in perovskite
solar cells resulted with poor efficiencies around 1%, however after improving the
morphological properties of the NiO layer and the perovskite layer, tremendous

progress have been achieved.
2.3.5.2.1 Nickel Oxide In Mesoporous Cells

The first examples of the NiO based devices were mesoporous carbon based devices
where a mesoporous TiO, and an insulating ZrO, layer were sequentially deposited
below a mesoporous carbon counter electrode (Figure 2.18). In this configuration,
perovskite crystals are infiltrated inside the mesopores and act like the hole
transporting medium itself. The role of ZrO, layer is to insulate the n-type TiO,

layer from the carbon collecting electrode.
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Figure 2.18 Schematic representation a mesoporous carbon based device [66].
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Replacement of the ZrO, layer with NiO layer resulted in decreased recombination
and enhanced charge collection inside the cell efficiencies up to 11.2% were
reported with a FTO/TiO,/NiO/Carbon configuration where perovskite layer is
distributed inside the whole structure [67]. This configuration, however, resulted in
a recombination center between the n-type TiO, layer and the NiO layer. Addition
of a thin ZrO; layer between the two charge selective layers helps the prevention of
interfacial recombination at the NiO/TiO, interface and upon addition of a
perovskite layer with the sequential deposition method, efficiencies up to 14.2%
could be realized with a fully inorganic structure [68]. Another significant feature of
these devices is the excellent producibility of the architecture by cheap production
techiques like screen printing and doctor blading. Replacement of the expensive
gold layers, which are also deposited by costly vacuum evaporation techniques,
with abundant and ultra cheap carbon materials make the carbon based devices the
most promising route to mass production and commercialization. In additon to ease
of production and low cost, due to lack any organic component in carbon based
cells, prolonged cell life time has also been demonstrated compared to the cells
produced with polymers or small molecules. The thick carbon layer prevents the
humidity from air penetrating inside cell, also due to the hydrophobic nature of
carbon is also another factor for protection of the perovskite crystals inside the

pores.

In carbon based perovskite solar cells, in addition to type of mesoporous layers and
their sequence in the cell, distribution and orientation of the perovskite crystals is
another important factor for high efficiency. Introduction of a wetting agent into the
precursor solution like 5 ammoniumvaleric acid iodide (5-AVAI) resulted in the
orientation of the perovskite crystals and enhanced efficiency compared to the cell
not containing the agent [66]. Later on, by controlling the crystallization of
perovskite crystals via employing different types of the precursor solvent [71] and
thermal treatment under controlled humidity, distribution and pore filling capability

of the perovskite crystals were further enhanced and efficiencies over 15% could be
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achieved [72]. In Table 2.2, device architecture and production methods of the

carbon based perovskite solar devices up to date have been summarized.

Table 2.2 Type of mesoporous layers and deposition methods of carbon based cells.

Ref. Structure Deposition method Eff. (%)
Mei et al. 2014 _ ]
TiOy/ ZrO;, 5-AVAI assisted 12.8
[66]
Liu et al. 2015 _ _
TiO,/NiO One step 114
[67]
Xu et al. 2015 ) ) )
TiO,/ ZrO,/NIiO 2-step sequential 14.9
[69]
Liu et al. 2015 _ _ )
TiO,/ ZrO,/NiO 5-AVAI assisted 14.2
[68]
Caoetal. 2015 _ _
TiO,/ Al,O3/NiO 2 step sequential 15.03
[70]
Tsai et al. 2017 _ One step slow crystallization
T|02/ A|203 . 15.0
[71] in NMP
Hashmi et al. _ One step humidity assited
TiOy/ ZrO, 14.3
2017 [72] thermal treatment

Application of NiO in mesoporous structures is not limited to carbon based devices.
NiO nanoparticles were employed to create a mesoporous network on a NiO
compact layer deposited on the TCO glass and perovskite layer was infiltrated by
sequential deposition method, where the n-type contact was a PCBM layer
incorporated with bathocuproine. The resulting device yielded an efficiency of
9.51% and a open circuit voltage of 1.04 V [73]. The high potential attained from
this configuration arises from the excellent band alignment of materials employed.
Valence band maxima of NiO perfectly matches with perovskite valence band and
the HOMO level LUMO level of PCBM layer also matches well with perovskite
conduction band, leading to minimized thermodynamic loss of open circuit
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potentials. The existence of the mesoporous NiO layer contributes to the cell by
means of supplying room for perovskite crystals and eliminating the irregularities in
the perovskite layer which in turn may cause serious potential loss during cell
operation. In addition, existence of the mesoporous layer also increases the light
absorption in the longer wavelength range due to the thicker perovskite layer. The
effect of compact layer morphology on the device performance was studied by
depositing the NiO layer with a RF magnetron sputtering method. Solution
processed NiO compact layers may include pin holes and cracks and not fully
homogeneous over the entire TCO surface. Introduction of the sputtered NiO layer
in cojunction with a mesoporous NiO layer, a sequentially deposited perovskite
layer and a PCBM layer resulted in 11.6% efficiency [74]. It was shown that high
quality NiO layers results in enhanced charge collection compared to the solution

processed films (Figure 2.19).

Figure 2.19 Schematic illustration of a p-type mesoscopic p-i-n solar device
employing NiO mesoporous layers [74].

The mesoporous layer was later eliminated by a compact layer made up of NiO

nanoparticles which was employed as the both mesoporous layer and the compact
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layer with a similar configuration as ITO/NiO/CH3NH3Pbls/PCBM/Au. After
optimization of the thickness of the NiO layer, which was deposited around 40 nm
thickness value, an efficiency of 9.11% was achieved [75]. This work also proved
that scaffolding thick mesoporous layer is not a prerequiste for extracting high
efficiencies from NiO based cells. Transient photo induced absorption spectroscopy
revealed that the holes present in the NiO layer during charge transport have long
lifetime and charge seperation occurs at the NiO/perovskite interface. The
optimization of the mesoporous layer thickness is crucial for efficient charge
collection and reducing the recombination losses during transport. For this purpose,
in a work studying the ultrathin NiO layers as a compact electron blocking layer in
perovskite solar cells, Al,O; was employed as the mesoporous scaffold layer, in a
FTO/blocking NiO/mesoporous Al,03/CH3;NH3Pbls/PCBM/BCP/Ag configuration.
Al,O; was employed as the non-charge injecting scaffolding mesoporous layer
instead of a NiO mesoporous layer. This configuration maximizes the light
absorption due to the transparent Al,O3 layer. In addition, recombination losses are
also prevented by the nanoparticles passivating the pin holes in the compact layer
and shunt paths between the PCBM layer and the NiO layer also blocked
effectively, leading to an efficiency of 13.5% and high fill factor of 0.72 [76].

2.3.5.2.2 Nickel Oxide In Planar Cells

Application of NiO in mesoporous cells have shown the ability of NiO to extract
and transport holes in the perovskite layer and it also acts as an electron blocking
layer simultaneously. At the same time with the development of planar
configuration perovskite solar cells, NiO was employed as the hole selective contact
instead of the most popular material PEDOT:PSS in inverted type or the p-i-n
structured cells. In the first attempts to construct NiO based cells,NiO layer was
deposited on the TCO glass by spin coating a nickel precursor solution. It was
shown that surface coverage of the perovskite layer deposited on a NiO layer was
poor and wetting ability of the NiO layer was improved by a UV-Ozone treatment

and efficiency around 7.8% was realized [77]. The ozone treatment also reduces the
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valence band position of the NiO layer to 5.4 eV for a better band alignment with
perovskite layer. A NiO based device where the compact layer of NiO was
deposited by spin coating a solution of nickel acetate dissolved in methoxyethanol
in a ITO/NiO/ CH3NH3Pbls/PCBM/AI configuration yielded 7.6% efficiency after
ozone treatment [78]. By improving the morphology of the NiO layer via using
magnetron sputtering method and morphology of the perovskite layer via solvent
engineering approach, efficiency of 9.84% could be achieved, proving the
importance and necessity of the control of morphological properties of the

interlayers seen in Figure 2.20 in planar configurations [79].

NiO,

ITO

Glass

Figure 2.20 Schematic structure of an inverted p-i-n type planar perovskite solar

cell employing NiO layers [77].

As a main trend, NiO based perovskite solar cells possess lower fill factors
compared to the PEDOT:PSS based cells. A composite structure where NiO
compact layers were treated wth PEDOT:PSS, showed an efficiency value of 15.1%
thanks to the imroved roughness of the surface which enhances the charge transfer
processes with the perovskite layers [80]. Modification of the NiO layer was
conducted via doping the NiO with Cu forming a planar structured Cu doped NiO
based cell and due to increased electrical conduction and improved perovskite layer
quality upon Cu doping, an efficiency of 17.7% was demonstrated as a record
efficiency value [81]. Significance of the work is also the low temperature

combustion sol-gel process at 150°C. In a flexible solar cell design, solution
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processed NiO nanoparticles were deposited on a PET substrate at room
temperature in PET/ITO/NiO/CH3sNH3Pbls/Cgo//Ag configuration and efficiency of
14.5% was achieved, demonstrating the performance of NiO based cells on flexible

solar device applications [82].

All above works demonstrates robust NiO layer as a hole transporting medium,
however they employ PCBM or fullerenes as the n-type charge collector which
inhibits improved device stability in outdoor conditions. An all solution processed
and fully metal oxide structure was developed by using NiO as the hole conductor
and ZnO nanoparticles as the electron selective contact as a replacement of the
PCBM layer. 16.1% efficiency was reported for a ITO/NiO/CH3NH3Pbls/ZnO/Al
configuration device and cells produced this way were proven to sustain their
efficiency up to 60 days without encapsulation, which shows the superior air
stability of the polymeric material free devices [83]. This concept was further
improved by doping the charge selectsve layers and enhancing the charge collecting
efficiency of the metal oxide layers. Electrical conductivity of the NiO layer was
enhanced via doing with Mg and TiO, was deposited as the n-type layer reaching an
efficiency of 18.3% efficiency and 0.83 fill factor value [84]. It was proven that the
high fill factor and efficiency is related to fast charge transfer between the charge
selective layers and the perovskite layer which prevents charge accumulation and

reduced charge transfer resistances.

Heavy doping of the charge selective metal oxide layers in perovskite solar cells
have already been proven to be effective for improving stability and power output
of the cells. This concept is still under investigation and is believed to lead to highly

stable and efficient perovskite solar devices for future.
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CHAPTER 3

EXPERIMENTAL METHODS

In this work, in order to construct hybrid mesoporous perovskite solar cells, metal
oxide nanostructures in particle form were synthesized with sol-gel wet chemistry
methods and characterized by means of morphological, structural, electronical and
optical measurements. Synthesized powders like nickel oxide (NiO), titanium
dioxide (TiO,), magnesium oxide (MgO) and doped forms of these compounds
were used as the hole conducting or electron conducting mediums in perovskite
absorber based hybrid mesostructured solar cells. For the synthesis of
nanostructured metal oxides, methods like precipitation and ultrasonic spray
pyrolysis have been employed in order to obtain nanopowders, nanospheres or
nanoflakes of NiO and lithium doped NiO. Ultrasonic methanol combustion was
used to synthesize TiO,, yttrium doped TiO,, MgO, NiO and lithium doped NiO
nanoparticles. In addition to nanoparticle synthesis, thin films of NiO and Li:NiO
were deposited on FTO coated glass substrates by spin coating technique from
precursor solutions. These films and powders were employed in construction of
perovskite solar cells. Perovskite solar cells were constructed by wet chemistry
methods using spin coating technique from precursors solutions and effect of

preparation conditions were examined.

For characterization of the powders, electron microscopy techniques like scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), ultraviolet and visible transmission and absorption, Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), X-ray photoelectron spectroscopy
(XPS), ultraviolet photoelectron spectroscopy (UPS), Brunauer—Emmett—Teller

(BET) gas adsorption, Hall effect measurements, four point and two point resistivity
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measurements were used. Constructed perovskite solar devices were characterized
by J-V measurements under simulated solar light and electrochemical impedance
spectroscopy techniques, in order to identify cell performances and underlying

electronic transfer processes during cell operation.

Details of the experimental conditions are given in the following chapters prior to
characterizations of each individual device structure. A general summary of the

methods employed in this work is given in the following sections.

3.1 Nanopowder Synthesis

For the synthesis of p-type or n-type metal oxide nanopowders, sol-gel based wet
chemistry methods were employed. The most important expectation from the
synthesized powders is the nanostructured character of the particles. In addition, for
the doped particles, doping efficiency and stoichiometry are the other prerequisties.
Major nanopowder synthesis method used in this work is the precipitation
technique. Precipitation from metal salts by adjusting the pH of the precursor
solutions or by a fuel assitance or direct precipitation by solvothermal methods have
been employed. In addition to precipitation, ultrasonic spray method was also used
for production of metal oxide nanospheres. A modified flame spray method was

employed for synthesis of ultrafine nanopowders of NiO, TiO, and MgO.

3.1.1 Precipitation Technique

Precipitation of metal oxides from solutions is well known and widely used
technique for the production of fine nanostructured powders. By adjusting the sol-
gel chemistry of the precursor solutions, it is possible to obtain highly uniform
nanoparticles using simple and cheap metal salts. Most common solvents used in
this technique are water and alcohols depending on the solubility of the precursors
or dispersibility of the final products. Most metal salts like nitrates, chlorides or

acetates are dissolved in an appropriate solvent. By adjusting the pH of the solution
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upon addition of acids or bases, it is possible to precipitate hydroxides of the
desired materials. The precipitation process obeys the rules of nucleation and
growth inside the solution. Precipitated particles undergo a series of particle growth
processes like Oswald repining and agglomeration. Attraction between individual
particles is mainly responsible from particle growth and agglomeration. Controlling
the precipitation conditions like temperature, pH or molarity of the solution,
nanoparticles with homogeneous size and size distribution can be obtained. In some
cases, in order to increase the dispersibility of the precipitates or for inhibiting
abnormal particle growth, additives like surfactant molecules can be used. Such
surfactant agents acts like physical barriers for further particle growth [1]. In
addition, presence of surfactant molecules also increases the dispersibility of the
precipitants by modifying the particle surfaces and charging the surface of the
particles. This static electricity is responsible from the particle to particle repulsion
and a stabilized dispersion can be achieved (Figure 3.1). The surfactants used in this
process can have anionic, cationic or non-ionic character depending on the pH of

precipitation solution or surface chemistry of the precipitated particles [2].

solvent

d<c, hard agglomerates

> >4
repulsion attraction

Figure 3.1 Scheme of particle formation and agglomerate formation in collodial

solutions during precipitation [1].
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After precipitation, a washing and collecting procedure is essential for removal of
byproducts, precipitation agents and unreacted chemicals from the precipitated
particles. Precipitates, filtered or collected by centrifugation, can be in either oxide
or hydroxide form, depending on the precursors used or precipitation agents. In
most cases, an additional heat treatment may be necessary for crystallization and
oxidation to metal oxides of the desired phase. However, duration and heat
treatment temperatures must be carefully chosen in order to prevent further particle
growth or agglomeration of the final nanopowders. Many widely used metal oxides
can be synthesized by this process like TiO; [3], ZnO [4], NiO [5], Al,O3 [6] etc.

3.1.2 Hydrothermal Synthesis

Hydrothermal synthesis or synthesis under supercritical water is a well known
nanoparticle synthersis method employed for production various metal oxides. It
can be defined as cyrstal growth under high temperature and pressure conditions.
The main advantage of synthesis under elevated temperature and pressure
conditions is reaction time and efficiency, where reaction rate can be enhanced
dramatically with the increasing temperature and vapor pressure. Precursor
materials or dispersions of the powders subject to hydrothermal growth are fed into
closed reactors in presence of solvents like water or alcohol, which in this referred
as solvothermal method. Crystallinity of the synthesis products are far advanced
than conventional heating conditions in which a post heat treatment is unavoidable
for obtaining desired final products. In addition, supercritical water has higher
solubility of the inorganic compounds and dispersibility and solubility of the
precursor and final product is greatly enhanced. Fine particle sizes with high surface
area are achievable in this technique. High surface area of the products are quite
advantegeous for photocatalysis or  photoelectrochemical applications.
Hydrothermal method have been used extensively for production of nanomaterials,

especially for production of highly catalytic TiO, nanoparticles and titanates [7,8].
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3.1.3 Ultrasonic Spray Pyrolysis (USP) Synthesis of Nanoparticles

Ultrasonic spray pyrolysis (USP) method is a versatile and high batch, high volume
production technique used for the synthesis nanomaterials. It is a continious and
ambient athmosphere process which is economically very advantageous. Fine
ceramics of metal oxides can be produced with controlled stoichiometry and desired

phase. USP method includes 4 basic steps for formation of particles:

e Precursor droplet generation by an ultrasonic generator
e Droplet size reduction due to thermal evaporation of the solvent
e Chemical reaction and conversion of the precursor compound into oxide

e Formation of the solid particles in either sphere or hollow sphere forms

Droplet formation can be achieved by two methods, by fluid fluid interaction where
a gas stream is used to atomize the precursor solution, or by using ultrasound
generated by an ultrasonic nebulizer. Gas atomization has the advantage of high
throughput but lacks homogeneous droplet formation. Coarse particles with wide
size distrution is seen in gas atomized systems. On the other hand, ultrasonic
nebulization has the advantage of homogeneous size distribution of droplets and
final powders. Schematic of a typical ultrasonic spray pyrolysis particle generation

setup is given in Figure 3.2.
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Figure 3.2 Schematic representation of an USP particle generation system [9].

The main system includes an ultrasonic generator of which has nebulization
frequencies ranging between 150 kHz to 2 MHz. The frequncy of the generator
directly influnces the droplet sizes. In a gas atomized systems, droplet sizes range
between 30-100 um, where in common household nebulizers droplet sizes down to
6-9 um can be achieved. However, these values also depend on the solvent type and
concentration of the precursor solution. Polar solvents react with ultrasonic waves
more efficiently and lower droplet sizes are obtained in contrast to apolar solvents
which may not even generate any droplet or mist. Generated droplets are fed into
reaction furnaces, into tubular reaction chambers in most cases, and subject to
thermal treatment. Inside the reaction zone, firstly solvent evaporation process
occur and droplets shrink down to 1 pm. This solid contains precursor materials and
as the tempearature increases gradually inside the reactor, oxide formation and
phase transition is completed. Particles are collected at the end of the reactor by a
filter or by passing the stream from a collection bubbler (Figure 3.3). Many

compounds have been synthesized using this method like binary or ternary oxides

[9].
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Figure 3.3 USP system used in nanoparticle synthesis in this work.

3.1.4 Flame Spray Pyrolysis (FSP) Synthesis of Nanoparticles

FSP method is a well established and widely used method of nanoparticle or
powder production for synthesis of catalytic materials, pigments or carbon black. In
flame synthesis, particle production is carried out inside a flame which is realized
by combustion of two gases. Flame is used to initiate the chemical reactions and
form the solid products. A cloud of desired materials emerges together with the
combustion products. Volatile precursors are oxidized within the flame creating the
monomers. These monomers come together to form small nucleotides and grow
inside the combustion exhaust, obeying the rules of nucleation and growth similar
to USP method. The main advantage of this approach is the crystalline structure of
the produced particles, which require no post heat treatment or a calcination step
because the necessary heat is supplied by the flame itself. The main fuels used in
the production flames in this method are hydrogen, methane, acetylene or ethylene
and air or oxygen as the oxidizer. In most cases, an inert gas like argon or nitrogen
is introduced into the system in order to decrease the flame temperatures. The
amount of inert gas is determined by the fuel itself. Each fuel has a different
combustion entalphy and must be chosen depending on the materials to be
produced. By adjusting the flame temperature, it is possible produce different
phases of the materials [10].
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Figure 3.4 Particle formation processes under vapor feeding or liquid feeding

conditions in flame spray pyrolysis method [11].

Stages of particle formation in flame synthesis method is given in Figure 3.4. Flame
synthesis can be catogarized into two different methods depending on the feeding
form of the precursors into the flame, vapor-fed aerosol flame synthesis and liquid-
fed aerosol flame synthesis. In vapor-fed synthesis, precursor are sent into the flame
in gaseous form evaporated from volatile precursors like alkoxides. Advantage of
this system is the fine structure of the resulting particles due to less particle to
particle interaction and particle growth mechanism inside the flame. In the case of
liquid-fed design, solutions containing precursor materials are atomized through
pressurized gas and sent into the flame. Droplet evaporation and nucleation results
in larger spheres or in case of rapid evaporation, hollow spheres can form. Besides,
droplet size and size distribution plays a major role in the quality of final products
[11]. Many binary and ternary compounds can be synthesized easily and in large
quantities using flame aerosol technique [12]. Ultrafine silica and titania particles

are mosy widely produced particles using this technique [13, 14].
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3.2 Thin Film Deposition

Thin films of NiO and TiO, have been deposited in this study to be employed as the
charge selective layers or charge blocking layers in perovskite solar devices. For
this purpose, thin films of NiO were deposited on FTO coated glass substrates by
ulstrasonic spray pyrolysis method and spin coating method. Perovskite layers were
also deposited by the spin coating technique. In order to form mesoporous
structures on for hybrid mesoporous perovskite devices, screen printing technigque
was employed after preparation of the screen printing pastes. SEM, XRD, UV-Vis
and Hall Effect studies were performed on the deposited films in order to reveal the

morphological, optical and electrical characteristics of the films.

3.2.1 Ultrasonic Spray Pyrolysis Deposition of Thin Films

USP method for thin film production is a modified spray pyrolysis process used for
deposition of thin films on substrates in addition to particle production method
explained in the previous sections. In conventional spray pyrolysis method,
precursor solutions are atomized by help of a pressurized gas like air or oxygen.
Solutions are converted into droplets ranging from 35 um to 100 um diameters and
sent to a hot plate or hot surface. In USP method, atomization is carried out by
ultrasonic waves and precursor solutions are turned into fine mist of homogeneous
droplet size around 30-40 um. Generated mist is sent onto the hot substrates by a
carrier gas and film formation occurs directly on the substrates. In this process,
different from USP method for particle production, evaporation of the solvent
occurs just over the substrate and before the particle formation, precursor materials
are deposited on the substrate which results in growth of the underlying films.
Chemical reactions and oxidation of the precursor materials like nitrates, chlorides,

acetates or alkoxides are stimulated by the heat transfer from the hot substrate.
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Figure 3.5 Schematic representation of USP system equipped in this work [15].

In general, a USP system is composed of a mist generator which is made up of a
piezo transducer operating between 150 kHz to 2 MHz. A carrier gas collects the
generated mist and transport onto the substrate. A nozzle scans the substrate with
the help of a stepper motor and films are grown by succesful sequences until films
with desired thicknesses are achieved. Many metal oxides and ternary compounds
can be coated on tempearture resistant substrates, especially transparent and
conducting oxides like fluorine doped tin dioxide can be deposited succesfully
using this method [15]. A schematic representation of a USP thin film deposition
apparatus and a photo of the system equipped in our laboratory are given in Figure

3.5 and Figure 3.6, respectively.
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Figure 3.6 A photo of USP thin film deposition device used for thin film coatings

in this work.

3.2.2 Spin Coating for Thin Film Deposition

Spin coating is probably most widely used and understood technique for deposition
of thin films of organic, inorganic and hybrid structures on various susbtrates. In
every field of research and production in many areas utilize spin coating technique
for device construction or conformal coatings on both laboratory type research
applications or on industrial level production. Spin coating process can be
summarized as an asymmetric spreading of a Newtonian fluid over a planar
substrate under centrifugal forces in order to form a thin film on the substrate. The
centrifugal force spreads the fluid over the substrate, while at the same time, surface
tension and viscous force keep the fluid on the substrate to form a thin film. Film

thicknesses ranging from 10 nm to 200 pm can be deposited with this method.
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Figure 3.7 Stages of film formation during spin coating process [16].

Spin coating process can be divided into four main stages; fluid dispensing,
spinning, formation of stable fluid and evaporation of the solvent (Figure 3.7). The
last two stages actually occur during all stages and determine the quality of the final
film mostly. There are other parameters affecting the film quality like spin speed,
acceleration rate, solution viscosity, dispense volume and spin duration. At the
dispensing stage, precursor materials are spread onto the substrate by automated
syringes or manually with by the experimenters. Usually excess fluid is dispensed
each time for full coverage of the substrate. Wetting of the substrate by the
precursor solution is important for homogeneous film formation. Surface
modification the substrate for non-wetting fluids may be necessary by applying
surface agents by treating the surface plasma cleaners or UV-Ozone treatment. In
spin-up stage, solution spreads across the substrate due to centrifugal forces. Some

spiral or vortexes may form during this stage and lead to non-uniformities on the
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surface which is governed by the viscocitic behaviour of the solvents used. After
balancing of the centrifugal and shear forces, stable liquid film formation occurs on
the substrate thickness of which is determined by the spin speed. Egde effects
usually occur at this stage because excess solution repelled to the corners and due to
surface tension, tends to accumulate at the edges. Using solvents with low surface
tension is critical for eliminating the edge irregularities. At the final stage, solvent is
evaporated from the film and an additional shrinkage also occurs and final film
thickness is determined. A post heat treatment may also be necessary for conversion

of precursors to oxides or for crystallization of the deposited precursors [17].

3.2.3 Screen Printing Method

Screen printing or serigraphy is a widely used technique in textile and ceramic
industry for coatings of pigment or dyes and coloration of various substrates.
Basically, a viscous paste containing the desired material is passed through
openings of a mesh defined by number of threads in a given area and thread size.
Larger the thread size or lower the mesh number, deposited material is larger in
volume. For this technique, preparation of a viscous paste is essential, viscosity of
which must be high enough to prevent the paste from spreading across the surface
but also fluid enough to relax the paste in order to form a film. Various patterns of
desired shape can be formed on the mesh by using emulsions and paste is first
dispensed onto the mesh. With the help of a squeege, paste is forced to pass through
the openings in the mesh and left to relax for a while (Figure 3.8).
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Figure 3.8 A photo of thge apparatus for screen printing of thick films used during

the work in this study and screen printing deposition process stages [18].

For thick film deposition of technical ceramic particles, screen printing paste
preparation is the critical step of process. Many dispersing mediums with high
viscous materials like polyethylene glycol, gliserol or terpineol is employed in paste
preparation. Upon addition of some binders or thickening agents like ethyl cellulose
or PMMA or PVA, water based dispersions can also be prepared. Fine particles of
ceramics, the solvent and thickening agent pass through a homogenization
procedure which is held by ultrasonic treatment, ball milling or roll milling.
Thickness of the deposited layers depend on the ceramic concentration of the paste
and mesh number and size. Thicker films can be deposited by sequential deposition
of layers on top of each other after a drying step. Substrates are then tranferred to
high temperature heat treatment in order to remove the organic constituents of the
pastes. During high temperature treatment, particles of the ceramics also undergo a
sintering and densening step. Resultant thick films possess a stable, durable and
porous structure depending on the binder concentration of the ceramic particles or
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particle sizes. Many metal oxides and industrial ceramics can be deposited up to

100 um thickness on large areas and large volumes [18].

3.3 Construction of Hybrid Mesoporous Perovskite Based Solar Cells

Doped and intrinsic n-type and p-type materials have been synthesized and
employed in perovskite based mesostructured solar cells in this work. For this
purpose perovskite solar cells were constructed and characterized. Performance of
solar devices highly depend on preparation conditions and routes followed for
construction of the cells. In this work, n-i-p configurated solar cells were
constructed and studied. A typical n-i-p perovskite based solar cell consists of:

e Transparent and conducting oxide coated charge collection layer
e N-type electron transport or hole blocking layer

e Mesoporous layer

e Perovskite layer

e P-type hole tranport or electron blocking layer

e Metallic back contact

For deposition of perovskite layers, different routes were studied and highest
efficiency route was selected for preparation of the cells. Deposition of subsequent

layers and construction of the cells was summarized in the following sections.

3.3.1 Etching and Substrate Cleaning

In order to insulate the metallic back contacts from FTO layer and prevent possible
short circuits during measurements, FTO layers were etched using zinc powder and
hydrochloric acid. FTO coated glass substrates were cut down to size of 15 mm x 2
mm. Zinc powder was spread on the half of the cells and other part was protected

by a tape. Upon pouring the diluted hydrochloric acid on the zinc powder, due to
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formation of hydrogen gas, tin dioxide is reduced and washed away by the acid.

Cells were then rinsed with lots of water.

Formation of dense and pinhole free layers is possible with a clean substrate
surface. Etched FTO coated glass substrates were sequentially cleaned by detergent
solution, ultrapure water, acetone, ultrapure water and isopropanol for 10 min and
stored in isopropanol. Before each blocking layer deposition, cells were dried with
nitrogen flow and then placed into a UV-Ozone cleaning chamber. Substrates were
subjected to ozone celaning for 15 min and blocking layer deposition was carried

out immediately after ozone treatment.

3.3.2 Preparation of Blocking Layer

wD mag THV HFW 300 nm
*|6.3 mm | 400 000 x | 20.0 kV | 746 nm METE-METU

Figure 3.9 SEM image of a 50 nm TiO; blocking layer on FTO substrate deposited
by spin coating in this work.

Blocking layer TiO, thin films were deposited on the clean FTO coated glass
substrates by spin coating method. For this purpose, titanium diisopropoxide
bis(acetylacetonate) was dissolved in n-butanol with a molarity of 0.15M. Before
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each deposition, this solution was filtered through a 0.45 um syringe filter. A
volume of 50 pl of this solution was dispensed onto the substrate and spinned at
2000 rpm for 20 s and then films were dried at 125°C for 5 min. This recipe yields a
TiO, film of approximately 50 nm as seen in Figure 3.9. For thicker films, this
procedure was repeated after drying. Finally, films were heat treated at 500°C and a
thin TiO; film was formed on the FTO glass substrates, acting as the hole blocking

layer.

3.3.3 Preparation of Mesoporous Layers

3.3.3.1 Preparation od Screen Printing Pastes

Screen printing pastes are the highly viscous precursor materials for deposition
thick films, containing a binder, the deposited material in powder form and a
vehicle or the solvent. Pastes used for the deposition of nanoparticles must contain a
binder to hold the nanoparticles during sintering stage and achieve a mesoporous
self standing network. For preparation of screen printing pastes employed in this
work, terpineol was chosen as the solvent and ethyl cellulose as the binder.
Synthesized nanopowders of TiO,, MgO and NiO were firstly girnded in a mortar
and ethanol was added drop by drop to prevent aggregate formation. Prepared
dispersions were subjected to ultrasonic treatment with a titanium horn for 30 min.
After stirring the dispersion for 10 min, a solution of ethyl cellulose in ethanol was
added to this solution together with the terpineol. This mixture was again subjected
to ultrasonic treatment and stirring procedures for ensuring the complete dispersion
of the nanoparticles. Ethanol was evaporated with a rotary evaporator under vacuum
at 40°C. The composition of the pastes were 2:1:7 by weight for nanopowder, ethyl
cellulose and terpineol, respectively. The highly viscous pastes were sealed with

parafilm and stored until the end of the work.
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3.3.3.2 Deposition of Mesoporous Layers by Spin Coating

Prepared pastes were deposited on the blocking layer coated FTO substrates by spin
coating method. For this purpose, pastes were diluted with ethanol for satisfying
fluidity and spreading of the paste on the substrate. Ethanol and paste were mixed in
weight ratio of 3:1 and stirred for several hours. Similar to blocking layer deposition
on FTO substrates, blocking layer coated substrates were also subjected to UV-
Ozone treatment for 15 min before dispensing the paste solution. This is also
important for achieving homogeneous distribution the paste on the substrate during
spin coating. Spin coatings were conducted at 2000 rpm for 5 s and dried at 125°C
for 5 min. With this recipe, a TiO, mesoporous layer of 250 nm can be achieved
after firing at 500°C (Figure 3.10). For thicker layers, the above procedure can be

repeated and films up to 1 um can be obtained.

WD mag HV HFW — 4 L1
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Figure 3.10 SEM image of a 200 nm mesoporous TiO, layer deposited on FTO
substrate by spin coating in this work.
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3.3.3.3 TiCl, Treatment of Mesoporous Layers

Mesoporus TiO, coated subtrates were treated with titanium tetrachloride (TiCly)
before perovskite deposition. Objective of the TiCl, treatment is to coat the
mesoporous structure with a thin layer ultrafine TiO, particles and increase the
connectivity between each individual nanoparticle for enhanced electronic
conduction. For this purpose, a 0.2 mmol TiCl, aqueous solution was prepared and
glass subtrates were immersed into this solution at 90°C for 10 min. During
treatment, TiCl, hydrolyzes and oxidizes to TiO, nanoparticles, which settle down
on the particles and interconnections between particles, especially. After treatment,
substrates were cleaned throughly with DI water and an additional heat treatment

was conducted at 500°C for 15 min.

3.3.4 Deposition of Perovskite Layers

There are different routes for deposition of perovskite layers in literature. In this
work, 3 different routes were followed and examined in order to obtain highest
efficiency from the cells. One step deposition, two step deposition and adduct
methods were studied for deposition of methylammonium lead iodide layers

(CH3NH3Pbl3) and cells were characterized.

3.3.4.1 One-Step Perovskite Deposition

In this method, perovskite precursor solution is prepared and spin coated directly on
the TiO, coated substrates. For this purpose, lead chloride (PbCl,) and
methylammonium iodide (MAI) were dissolved in N,N-Dimethylformamide (DMF)
with a molar ratio of 3:1. PbCl, has limited solubility in DMF so firstly MAI was
dissolved in DMF and then PbCl, was added. The resultant solution contains 40%
precursor materials by weight. This solution was stirred at 70°C overnight. Spin
coating was conducted at 2000 rpm for 45 s and films were heat treated at 90°C for

2 h. Solution preparation and film depositions were carried out under laboratory
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conditions. The resulting films are not pristine perovskite, which are slightly CI’
doped and denoted as CH3NH3Pbls.Clx [19]. Perovskite crystals embedded inside
the mesoporous network can be seen in Figure 3.11.
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Figure 3.11 SEM of perovskite layer deposited on mesoporous TiO, layer by one-
step deposition method, showing the perovskite crystals embedded inside

mesoporous matrix.

3.3.4.2 Two-step Perovskite Deposition

In two-step perovskite deposition method, apart from the one step method where
precursor materials are dissolved in one solvent and deposited once at a time, two
layers are seperately deposited on the substrate and perovskite formation is
completed on the substrate. For this purpose, Pbl, was first dissolved in DMF by

stirring at 70°C overnight. The molarity was set to 1M. In a seperate container, a
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solution containing 10 mg/ml MALI in isopropanol was prepared. Pbl, was coated
onto the substrate by spin coating the solution at 4000 rpm for 30 s. This layer was
dried at 100°C for 5 min and cooled down to room temperature. On top of this layer,
200 pl of the prepared MALI solution is poured and waited for 20 s. Films changed
color from yellow to black during the waiting time and substrate was spinned at
4000 rpm for 30 s and dried at 100°C for min. This method is reported to yield large
cuboid shaped crystals inside the mesoporous matrix and on top of the mesoporous

layer [20] and can be seen in Figure 3.12.

WD | mag 2\ HFW | —_—1um
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Figure 3.12 SEM image of the cuboid shaped perovskite crystals deposited on TiO,

mesoporous matrix by two-step deposition.

3.3.4.3 Adduct Method For Perovskite Deposition

Adduct method is based on creation of a Lewis adduct of Pbl, and dimethyl
sulfoxide (DMSO). Such an adduct structure leads to formation of an intermediate
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layer during spin coating which then converted into pure perovskite film with a
homogeneous and dense film in a reproducible way. For this purpose, firstly, a 40%
weight DMF solution containing equimolar Pbl,, MAI and DMSO was prepared
similar to one-step method, except solution was prepared without additional heating
and stirred for 1 h. This solution was dispensed onto the substrates and spinnned at
4000 rpm for 30 s. At the 5th second of spin coating, 400 ml diethyl ether was
poured on the spinning substrate at once, similar to solvent engineering approaches
of perovskite deposition. The objective of diethyl ether treatment is to wash away
the DMF solvent and retarding the irregularities in film deposition during solvent
evaporation. The resultant films are transparent and contain the Pbl,.DMSO adduct.
Films were heat treated at 100°C for 5 min in order to evaporate the DMSO and
complete the crystallization of the CH3NH3Pbl; layer. Films transform to shiny
black films with good coverage and no visible irregularity upon heat treatment. This
method is known to yield continious and large grain sized perovskite layers
compared to other perovskite deposition methods [21] as seen in Figure 3.13.

WD [EL] HV HFW | 500 nm
*15.6 mm | 153 943 x | 20.0 kV |1.94 ym METE-METU

Figure 3.13 SEM image of the perovskite layers deposited on TiO, matrix by
adduct method showing the continious and regular perovskite layer on the

mesoporous matrix compared to one-step and two-step methods, in this work.
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3.3.5 Deposition of Back Contacts

The prepared perovskite solar cells were finished by depositing the back metal
contact. Preferred metal contact in this work is gold because of the low work
function around 5.2 eV and have high capability to collect most of the holes from
both hole conducting mediums or the perovskite layer itself. Also, gold have high
binding quality on many substrates and layers. Gold evaporation was conducted by
e-beam evaporation at a base pressure of 3x10® mbar from gold targets. Thickness
of the layers were around 100 nm which is sufficient enough to collect and transport
charges through the cells. For proper contact between the measurement probes and
the electrodes on the cell, silver paste was deposited on the FTO coated glass and
gold grids. Each cell contains 8 individual contacts which are considered as single
cells at one substrate with an active area of 0.07 cm? defined by the egde of the
golden grid and the egde of the etched FTO substrate (Figure 3.14).

Figure 3.14 A typical mesoporous perovskite solar cell constructed in this work
after Au evaporation and deposition of silver contacts.
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3.4 Characterizations of The Perovskite Solar Cells

In addition to morphological, optical and electrical characterizations of the
produced nanoparticles and perovskite based solar devices using SEM, TEM, XRD,
BET, UV-Vis and four point resistivity measurement techniques, produced solar
cells were examined by current-voltage measurements under simulated solar light.
Efficiency values of the cells and internal resistances were determined.
Electrochemical impedance spectroscopy (EIS) technique was employed in order to
reveal charge transfer processes and associated resistances of each layer deposited
using the nanoaparticles synthesized during the studies and performance and

contribution of each layer were determined.

3.4.1 Electrochemical Impedance Spectrosopy (EIS)

3.4.1.1 Fundamentals of Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) in general is a steady state
measurement technique for evaluation of the response of an electrochemical system
to a small amplitude AC signal as a function of the frequency. It is widely used in
investigation of electrochemical systems and photoelectrochemical devices where
ionic and electronic transfer processes occur between individual layers and
interfaces. EIS is conducted by application of an harmonic AC V(w, t) perturbation
with defined frequency range (f=w/2m) to an electrochemical system and measuring
the current inside the system where o is the angular frequency. The range of the
applied potential varies from millihertz to kilohertz and the corresponding current

I(w, t) is measured. Then impedance of the system Z (o, t) is calculated by:

V(w,t)
[(w, t)

Z(w,t) =

Eq. [3.1]
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In electrochemical systems, the amplitude and the phase of the measured I (o, t)
may be different from the V(w, t) for a particular ® value, depending on the
electrochemical prosecces involved. If angular frequency is zero, than the system
can be considered as under DC conditions and the calculated resistances obeys the
ohm rule and the impedance is equal the resistance of the component. In this case
there is zero phase difference (0). For systems with a non-zero phase difference, it is
more convenient to define the system with complex numbers and a complex

component of the impedance arises:

Z (jw) = |Z|(cosO + jsinB)
Eg. [3.2]

where j is defined as v—1. In this equation, the real part of the impedance is
denoted as Z’ and imaginary part is denoted as Z”. For any given electrochemical
system, for components that lead to a phase difference like a capacitor (C) or
inductor (L), there will be a phase difference between the I (o, t) and V(w, t). In
Table 3.1, common elements of electrochemical systems are shown.

Table 3.1 Common circuit elements used in EIS analysis.

Element Impedance
Resistor R
Capacitor 1/joC
Inductor joL
w UYofjw
(Warburg)
CPE 1Y o(jo)*

(Constant Phase Element)

A CPE is a non-ideal capacitance element, taking into account the irregularities or

inhomogeneous character of the layers, where Yo is the actual capacitance of the
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layer and a is an ideality factor being 1 for an ideal capacitor. Warburg element
defines the diffusional component of an electrochemical systems is employed for
electrochemical systems in liquid media or containing electrolyte, and widely used
in analysis of dye sensitized solar cell [22]. Here, it is seen that a typical resistor do

not have an imaginary part and do not contain any capacitive element.

Results of the impedance measuremenst are often presented by Nyquist or Cole-
Cole plots, where the real and imaginary part of the impedances are plotted.
However, interpretation of the results require a modelling of the components of the
measured systems by using the above mentioned elements, which are referred as
equivalent circuit models. Most electrochemical systems are composed of resistive
elements and unavoidably capacitive elements acting on the system simultaneously.
By combining these elements in series and paralel, equivalent circuit model of a
system is developed and value of each element can be extracted from the EIS
spectra. In Figure 3.15, a typical Randles is represented by resistive, capacitive and
diffisuonal elements and the measured Nyquist plot is presented, where mixed
kinetic and diffusional processes occur simultaneously. It is seen that, Kinetic
processes dominates at high frequencies and a semicircle, referred as an arc, appears
at this region, At lower frequencies, diffusional control of the impedance spectra
becomes dominant. Using the plot, it is possible to extract the series resistance,

capacitance of the kinetic and diffusional processes and the associated resistances.
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Figure 3.15 Nyquist plot of a typical Randles cell with the equivalent circuit [23].

3.4.1.2. Impedance Analysis of Mesoporous Perovskite Solar Cells

Electrochemical impedance spectroscopy have been widely used in characterization
of photovoltaic cells and is a powerful tool for revealing charge transfer prcoesses
and recombination events. Mesoporous electrochemical devices like dye sensitized
solar cells (DSSC) have been studied in depth by impedance spectroscopy and
many equivalent circuits and elemenst have been adopted for the interpretation of
the IS response of the cells succesfully. In an electrochemical cells like a DSSC,
there are many electronic and chemical processes going on simultaneously during
operation. R-C circuits and transmission line models have been adopted to
resemble a mesoporous layer, an electrolyte and the reactions in the counter
electrode. R-C circuits modified with a Warburg diffusion element have been
developed to explain the reactions in counter electrode and the TiO, layer and a
diode model was proposed to model the reactions in the TiO, electrolyte interface

assuming the interface as a diode. However both diode model and the R-C circuit
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approaches are far from explaining the all ongoing processes inside a mesoporous
layer and capacitive behaviours are excluded. The best model for a sensitized
mesoporous matrix have been achieved by the transmission line model given in
Figure 3.16 and was used by many reserachers to explain the behaviour of DSSCs.
This model includes all possible electronic and ionic transport pathways and the
electron transport resistances, recombination resistances and the chemical
capacitance of the mesoporous film. Measurements are conducted under certain
conditions in order to simplify the model like under applied bias or low illumination
intensity conditions to increase the rate of back reaction of electrons from TiO; to

electrolyte or to keep the TiO; layer in insulating conditions.
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Figure 3.16 Tranmission line model for interpretation of EIS spectrum of a
mesoporous sensitized based solar cell [24].

The transmission line model model have been succesfully employed in DSSCs,
however, for perovskite based solar cells, this model lose its validity. Although a
perovskite solar can be considered as a sensitized cell employing perovskite crystals
instead of a dye molecule, impedance spectrum of perovskite and other quantum dot
sensitized solar cells do not show a transmission line feature in their spectra. The
actual reason of this situation is the fact that mesoporous layers employed in
perovskite solar cells are limited to submicron thickness ranges in contrast to
DSSCs which have mesoporous TiO layers up to 15 um. In addition, perovskite
solar cells employ solid state hole conductors instead of a liquid electrolyte. Most

perovskite solar cells are defined by two simple R-C circuits connected in series.
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Warburg component used to define the diffusional processes in no longer valid for
perovskite solar cells. However, this situation also depends on the measurement
conditions. At high forward biases or under intensive illumination, ion migration
inside the perovskite layer may contribute to diffusional resistance and seen as a
third arc in the low frequency region in the Nyquist plot. Similarly, an additional
resistance and capacitance may observed at low biases due to poor contact between
blocking layer and mesoprous TiO,. At most perovskite solar devices, two distinct
arcs are observed at moderate illumination and forward bias conditions, as shown in
Figure 3.17.
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Figure 3.17 Nyquist plot of a NiO based mesoporous perovskite solar cell

constructed in this work and the equivalent circuit used to model the cell.

In general, parameters of each process involved in a mesoporous perovskite solar

cell can be estimated from the Nyquist plot as follows:

e In the high frequency region, charge transfer resistance of the HTM/Au

interface can be estimated from the diameter of the semicircle. Capacitance
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of the counter electrode can be estimated from the maximum frequency of
the semicircle.

In the middle to low frequency region, recombination resistance at the
photoelectrode or perovskite/TiO, interface can be estimated from the
diameter of the semicircle. Characteristic time constant of the recombination
or recombination life time can be estimated from the maximum frequency of
the semicircle.

In the low frequency region, the diffusion resistance and the capacitence in
electrolyte in the DSSCs and ion migration for the perovskite solar cells can
be estimated similar to the above. This feature is rarely observed for

perovskite solar cells.
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CHAPTER 4

PRODUCTION OF Li DOPED NiO NANOPARTICLES AND THIN FILMS
FOR MESOPOROUS PEROVSKITE SOLAR CELLS

There is a considerable scientific and technological interest for synthesis of
nanostructured p-type semiconducting metal oxides. However, few metal oxides
tend to show p-type conductivity. Nickel(Il) oxide, NiO, is one of the most popular
and most widely used p-type material with high stability and wide band gap around
3.6 — 4.0 eV [1]. Transparent p-type conductivity of NiO have already been
demonstrated in the past years and nickel oxide (NiO) has received great attention
thanks to outstanding magnetic, optical, electrical and catalytic features. Wide range
of applicaiton areas in industry made NiO one of the most important transition

metal oxide among others.

High electrical conduction of NiO compared to other p-type metal oxides is
explained by the localized Ni**ions in the NiO lattice. Conduction in NiO films can
be increased by introduction of Ni vacancies or oxygen interstitials into the host
lattice, where this strategy cannot be controlled precisely. However, upon
introduction of monovalent ions like Li*, Na* and K*, concentration of Ni** ions can

be greatly enhanced and p-type conductivity can be achieved [1].

Nanostructured NiO have been synthesized by many groups so far and methods like
sol-gel method [2], surfactant-mediated synthesis method [3], thermal
decomposition of precursors [4], solvothermal synthesis [5], and polymer-matrix
assisted method [6] have been adopted for NiO nanoparticle synthesis. NiO thin
films have been deposited on various substrates by PVD [7], pulse laser deposition

[8], and the spray pyrolysis methods [9-12]. Among the vacuum based deposition

101



techniques, spray pyrolysis offer simple and cheap solutions for transparent and
condcuting oxide applicaitons due to the athmospheric deposition conditions and
low cost of precursors used in synthesis, especially for large area applications.

In this work, high surface area and mesoporous nickel oxide nanoparticles,
nanosheet or nanosphere shaped structures have been synthesized by solvothermal
route, ultrasonic spray pyrolysis (USP), precipitation technique and electrical
conductivity of the powders were enhanced by lithium doping for mesoporous solar
cell applications. Thin films of lithium doped nickel oxide were deposited on glass
substrates using USP method and spin coating technique from aqueous solutions of
lithium and nickel salts. Morphological and electrical characterizations of the
powders and films were conducted by SEM, BET, XRD and electrical resistivity
and Hall effect measurements. Produced nanoparticles and thin films of Li doped
NiO were employed in mesoporous perovskite solar cells as hole conducting

medium.

4.1 NiO Nanoparticle Synthesis

4.1.1 Production of NiO and Li:NiO nanoparticles with solvothermal method

4.1.1.1 Experimental

In the experimental studies, in order to synthesize intrinsic and lithium doped nickel
oxide (Li:NiO) nanoparticles, solvothermal method was chosen and two different
approaches have been investigated. As a novel approach, which has no previous
example in literature, a direct precipitation method was developed where
decomposition of nickel precursor was conducted in absence of a precipitating
agent, only using solvothermal treatment. In this recipe, 0.1 M NiNO3.6H,0
solutions were prepared using methanol as solvent and with addition of Triton-X
100 as the surface protecting agent to inhibit particle growth and agglomeration. For

lithium doping, LINO3z was added to this solution for different Li/Ni atomic ratios,
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0, 0.2, 0.4, 06, 0.8 and 1. Solvothermal treatment was conducted at 160°C for 12
hours in a sealed teflon lined laboratory made stainless steel autoclave. After
treatment, green particles were collected by centrifugion and washed three times
with ultrapure water to remove residual Triton-X 100. Obtained powders were dried
in a drying owen overnight at 120°C and dried particles were ground in a mortar.
For further crystallization and oxidation, grounded powders were heat treated at
500°C for 2 hours which yielded dark green to black coloured NiO powders. As an
alternative to above procedure, urea was added to the solutions as a precipitaing
agent. Urea decomposes to CO, and ammonia above 80°C and increases the pH of
the solution to precipitate nanoparticles. SEM, BET and XRD methods were used to
characterize the morpholocigal properties of the powders. ICP-OES method was
employed to determine lithium content of the powders. Van der Pauw resistivity
measurements and Hall effect measurements were used to characterize the electrical
properties of the powders. For this purpose, powders were pressed into 13 mm

diameter pellets and heat treated at 500°C for 2 hours again.

4.1.1.2 Characterization of NiO and Li:NiO Nanoparticles Produced by
Solvothermal Method

SEM images of the powders produced by direct precipitation and urea assisted
precipitation methods are given in Figure 4.1. It is seen that direct precipitation
method under solvothermal conditions yields rose like structures which are
composed of submicron sized nanosheets or nanoflakes where in the case of urea
assisted method, spherical nanoparticles can be obtained. For mesoporous solar cell
applications like dye sensitized cells or perovskite type cells, main criteria for the
transport layer is that this layer can maintain a high surface area and binding site for
absorber molecules to ensure sufficient light absorption. Most nanoparticles
employed in DSSCs or perovskite cells have surface area values ranging between
45-70 m?/g and objective of this work is to reach surface areas values within this
range. In Table 4.1, BET surface area measurement results of the powders have

been given.
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Figure 4.1 SEM images of NiO powders produced by direct precipitation (a, b, c)

and agent assisted precipitation methods (d).

Table 4.1 BET surface area measurements of the powders produced by direct

precipitation method (DP) and assisted precipitation (AP) method.

DP (5 ml DP (10 ml DP (15 ml
Sample DP _ ] ) AP
Triton-X) Triton-X) Triton-X)
Surface
) 15 25 33 46 3
Area (m“/Q)
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BET surface area measurements reveal that although urea assisted precipitation
method gives uniform spherical nanoparticles around 30 nm, surface area value is
inferior compared to direct precipitation method which yields powders achieving 46
m?/g surface area value after addition of 15 ml Triton-X 100. At this point, it is
interesting to note that surface area value of this sample increases to 49 m%/g after
heat treatment of the powder at 500°C in contradiction to most nanoparticles which
undergo surface area reduction upon heat treatments. We explain this situation with
some sort of morphology change in nanosheets due to a phase transformation. In
Figure 4.2, XRD spectra of the as synthesized powders after solvothermal treatment
and after heat treatment at 500°C are given. As synthesized powders contain
Ni(OH), (JCPDS 73-1520) and small amount of NiO (JCPDS 78-0429) phases.
After heat treatment, Ni(OH); is fully converted to NiO phase succesfully. Powders

show the cubic bunsenite phase of NiO.
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For solar cell applications, ordered structures like nanotubes, nanosheets or
nanorods seem to be advantageous by means of electrical transport through 1D
structure instead of a random network of interconnected nanoparticles. Nanosheets
or flakes obtained in this work fulfill the required NiO phase and sufficient surface
area values so these particles are proper candidates to be the hole transport material
in the planned perovskite solar cell. Another objective of the work is to enhance the
electrical conductivity of the powders by lithium substitution and to reduce charge
transfer resistances inside the cell. In order to examine the effect of lithium doping
on the electrical properties of the NiO nanoflakes, powders were pressed into pellets
and resistivity values were measured and given in Figure 4.3a. Upon Li doping,
resistivity value of the undoped NiO is enhanced from several ohm.cm down to a
minimum of 10 ohm.cm value for a Li/Ni atomic ratio of 0.2 in the starting solution.
The hole mobility and carrier concentration values of this sample measured by Hall
effect studies are 5.1 cm?.V™'s™ and 9.7x10" cm™. Further increase in lithium
doping amount beyond this level slightly increases the resistivity which can be
explained by scattering effect of the ions retarding hole motion. The optimized
resistivity value achieved in this work is close to best Li:NiO thin films produced by
sputtering methods and shows the succesful electrical conduction power of the
synthesized powders, especially compared to undoped sample. The lithium content
of the powders measured by ICP-OES are shown in Figure 4.3b and it is seen that
actual amount of lithium inside the powders is around a half of the starting solution
which is the degree of doping achievable under the synthesis conditions in this

work.

The XRD spectra of the powder produced from Li/Ni ratio of 0.4 is given in Figure
4.3c and shows no secondary lithium or nickel containing compound proving that
lithium is succesfully doped into NiO lattice. Actually this situation is also evident
from huge enhancement in electrical conductivity of the powders. We also state that
observed conductivity of the powders in pellet form which is close to best reported
literature thin film values, arises from the sheet like ordered structure of the

synthesized powders. These sheets provide scattering free pathways for electron
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percolation during electrical transport with reduced grain boundary scattering

compared to nanoparticulate random network of particles.
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Figure 4.3 Varitation of resistivity values of NiO nanopowders with Li doping
amount (a), Li content of powders measured with ICP-OES (b) and XRD spectra of
Li:NiO powder with Li/Ni ratio of 0.4 (c).

4.1.2 Production of NiO and Li:NiO Nanoparticles with USP Method

4.1.2.1 Experimental

Lithium doped nickel oxide particles were synthesized by ultrasonic method similar
to thin film production where mist produced by the generator was fed into a reaction
chamber instead of a hot substrate. Precursors of NiNO3.5H,0 and LiNO; were
dissolved in methanol for different molarities and different Li doping ratios. Mist
generated by the ultrasonic generator was carried by air into a tubular oven at 600°C
which is connected to a bubbler containing water and ethanol. Collected powders
were obtained by evaporating or centrifuging the solvent and dried at 120°C
overnight. Stoichiometric powders of LixNi;xO were produced by this method
where x is 0.1, 0.25, 0.33 and 0.5.
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4.1.2.2 Characterization of NiO and Li:NiO Nanoparticles Produced by USP
Method

The SEM images of NiO particles produced by ultrasonic method for different
molarities are given in Figure 4.4.

WD | mag | HV | HFW 0 “| WD | mag | HV | HFW 20 ym
*| 6.3 mm |8 320 x| 20.0 kV |35.9 ym an *| 6.0 mm |6 429 x| 20.0 kv | 46.4 ym NanoSEM _ METU-METE

Figure 4.4 SEM images of Li:NiO particles produced by ultrasonic method from
methanolic precursors having molarities of 0.3M (a), 0.15M (b), 0.075M (c),
0.035M (d).
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It is seen for high molarities particles tend to form large and irregular shaped hollow
spheres. By decreasing molarity of the solution, regular spheres can be obtained and
size of the particles can be reduced down to 100 nm, however there are still larger
particles above 1 micron. Formation of the hollow spheres in this method is due to
fast solvent evaporation and rapid reaction of the precursor materials inside each
individual droplet created by the ultrasonic generator. By sending the methonal
containg droplet inside a high temperature chamber results in a combustion like
reaction where methanol quickly burns and forms a NiO outer layer.0 In this
methodology, it seems essential to employ inorganic solvents having higher boiling
points in order overcome the formation of outer layers and reducing the size of the
particles. Produced particles for 0.075M were pressed into pellets and resistivity
values were measured by four point method for different Li doping amounts and
given in Figure 4.5a. Best resistivity values were obtained for Lig1NiggO powders
and for higher doping amounts resistivity increases slightly until 50% doping
amount. Resistivity of 850 ohm.cm could be achieved using this method and XRD
spectra of the powders (Figure 4.5b) reveals a pure nickel oxide structure with no
secondary phases (JCPDS 78-0429). For the perovskite based mesoporous solar
cells, it is mendatory to deposit mesoporous layers around 1 micron thickness at
most and prevention of large particles like 3 micron seen in the SEM images should

be prevented.
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Figure 4.5 Resistivity values of Li:NiO powders for different doping amounts (a),
XRD spectra of the Lig1Nig 9O powders (b).
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4.2 NiO and Li:NiO Thin Film Deposition

4.2.1 Production of NiO and Li:NiO Thin Films with USP Method

4.2.1.1 Experimental

For deposition of Li:NiO thin films, ultrasonic spray pyrolysis (USP) method was
used. 0.3 M NiNO3.6H,0 aqueous solutions were prepared and deposited on clean
solar glass substrates. Lithium doping was achieved by adding LiNOj; to the
precursor solutions for Li/Ni ratios of 0, 0.2, 0.4, 0.6, 0.8 and 1 similar to powder
production. A 1.3MHz ultrasonic generator was used to convert this solution to fine
mist and this mist was transported to preheated 5x5 cm sized glass substrates
(450°C) using clean air. However, it was observed during experiments that this
method yields highly irregular and inhomogeneous coatings visible by eye which
we relate to fast and unstable decomposition of precursor at elevated temperatures
and high tendency of nitrate precursor to decompose instantaneously. Due to this
reason, a two stage procedure was employed. In the first stage, deposition is
conducted at 150°C which gives transparent to greenish and homogeneous coatings.
This coating is then heat treated at 450°C in air and transparent to slightly black

coatings were obtained with no visible irregularity.

4.2.1.2 Characterization of NiO and Li:NiO Thin Films Deposited by USP

Deposition of NiO and Li:NiO thin films on glass substrates by spray pyrolysis
method from aqueous solutions were conducted by a two stage process with varying
Li content in the starting solutions. Direct spraying of these solutions onto hot
substrates resulted in inhomogeneous and discontinuous films even visible by eye.

SEM images of direct sprayed and two stage produced films are given in Figure 4.6.
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c)

Figure 4.6 SEM images of NiO thin films deposited by direct spraying on hot
substrate (a,b) and the two stage coated substrate (c,d).

As it is seen in Figure 4.6a and b, direct sprayed NiO films exhibit large voids and
discontinuities on the substrate surface. Observation by eye reveals that these films
tends to grow in certain columnar vessel like paths leaving large uncoated bare
parts. We speculate that this tendency can be explained with a fast evaporation and
precursor decomposition on hot substrate leading to uncontrolled nuclation and
growth of crystals. In order to eliminate this tendency, two stage process was
employed and results shown in Figure 4.6¢ and d.
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Figure 4.7 Change of resistivity values of Li:NiO thin films with varying Li content

in the starting solution (a), XRD spectra of Li:NiO sample with Li/Ni ratio of 0.6
(b).

Such films are smoother and large cracks or voids are absent compared to direct

deposition. In Figure 4.6d, cross sectional image of the NiO film is given.
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Homogeneous and continuous films down to 60 nm size can be coated with this
method. However, SEM images reveals that both methods vyield particulate

structures but not dense films.

Four point resistivity measurements were conducted on the films for Li/Ni ratios in
the starting solution ranging from 0-1 and given in Figure 4.7. For the case of
sprayed films, lowest resistivity value was observed for the sample having Li/Ni
ratio of 0.6 in the starting solution with a resistivity value of 355 ohm.cm. Hole
mobility and carrier concentration values are 12.4 cm®V™*s™ and 1.6x10'® cm®.
XRD spectra of this sample given in Figure 4.7b shows that film is completely
composed of cubic NiO phase with no secondary lithium or nickel containing
compound. The resistivity value is consistent with the literature examples of
sprayed Li:NiO films but somehow lower than the value observed in the pelletized
nanopowders synthesized in the previous section. Nanoparticulate nature of sprayed
NiO films is the origin of lower conductivity of these films compared to dense

structures like sputtered films or the pellets in this work.
4.2.2 Production of NiO and Li:NiO Thin Films with Spin Coating Method
4.2.2.1 Experimental

Lithium doped nickel oxide particles were coated on pre-cleaned solar grade glass
substrates by spin coating method. For this purpose NiNO3.5H,0 was dissolved in
dimethylformamide (DMF) with addition of LiCO3 as the lithium source. Lithium
doping amount was arranged to be between x=0.1, 0.25, 0.33 for LixNi;xO thin
films. Films were coated on 1x1 cm glass substrates for electrical characterization
and on FTO coated glass substrates for morphological characterization as a
blocking layer for temperatures of 400°C and 625°C. Morphologies of powders and
thin films of Li:NiO were characterized by scanning electron microscopy and X-ray
diffraction techniques. Electrical resistivities of films were determined by four point

method.
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4.2.2.2 Characterization of NiO and Li:NiO Thin Films Deposited by Spin
Coating Method

WD mag HV HFW 1ym
*15.8 mm| 100000 x | 20.0 kV |2.98 ym METE-METU

Figure 4.8 SEM images of Li:NiO films produced by spin coating of a DMF based
solution and fired at 400°C (a,b) and fired at 625°C (c,d).

In Figure 4.8 SEM images of the thin films of Li doped NiO deposited on FTO
substrates are given for firing temperatures of 400°C and 650°C. It can be seen that
films fired at 650°C are composed of connected nanoparticles of 70-100 nm and
there are pores and cracks inside the films. However films fired at 400°C composed
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of smaller nanoparticles without pores and a more dense film is obtained. From
cross sectional images, continuity of the films fired at 400°C is better than the films
fired at 650°C which possess particle like structure and discontinuity. A
discontinious and porous layer is undesirable for blocking layer applications in
perovskite solar cells considering that contact of the perovskite layer should be

avoided with the FTO substrate for preventing shunt losses and recombination.

Films fired at 400°C seems to be more suitable for blocking layer application.
However, resistivity values of these films are higher than the films fired at 650°C.
In Figure 4.9, resistivity values of the thin films deposited on glass substrates for
different Li doping amounts is given for 400°C. A minimum resistivity is observed
for Li doping amount of 10% which is consistent with the films fired at 650°C, but
minimum resistivity of 3800 is higher than for films fired at 650°C which shows

minimum resistivity of down to 1500 ohm.cm.
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Figure 4.9 Resistivity values of Li:NiO thin films for different Li doping amounts
fired at 450°C (a) and 625°C (b).
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These films are intended to be employed as the cathode part of the perovskite based
solar cells in an inverted type cell structure which acts like a hole transport layer or
electron blocking layer. However, as long as FTO is an n-type material and NiO is a
p-type material, a junction formation is expected to form between two layers. In
Figure 4.10a, 1-V characteristic of the formed heterojunction is given for Lig1Nig 9O
films deposited on the FTO substrate. The curve clearly indicates the diode
behaviour of the heterojunction which shows the succesful formation of an internal
depletion layer and an electrical field for a device of 600 nm FTO layer and 200 nm
Li:NiO film (Figure 4.10b). XRD spectra of the device given Figure 4.10c reveals
only SnO; and NiO phases. Formation of such a depletion layer and an internal
electrical field is expected to further enhance the carrier transport properties of the
hole transport medium which is believed to lead efficient charge collection inside

the cells.
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Figure 4.10 I-V characteristic of the FTO/Li:NiO heterojunction(a), cross sectional
SEM view of the junction (b) and XRD spectra of the heterojunction (c).
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4.3 Construction and Characterization of Mesoporous Perovskite Solar Cells

4.3.1 Experimental

FTO (coated glass substrates Solaronix 7 ohm/sq) were firstly etched with zinc
powder and 0.1M HCI for seperating anode and cathode part of the cells. FTO
glasses were cleaned ultrasonically using DI water, acetone and isopropanol
subsequently. A compact TiO, layer was deposited by spin coating a solution of
0.15 M titanium diisopropoxide bis acetylacetone in 1-butanol at 2000 rpm for 20 s.
Mesoporous TiO, layer was deposited on this layer by using a commercial TiO;
paste (Dyesol 90T) diluted in ethanol by 1:3.5 weight percent. Spin coating was
conducted at 5000 rpm for 25s and films were fired at 500°C for 30 min. For one-
step perovskite deposition method, a DMF solution containing methyl ammonium
iodide (MAI) puerchased from Dyesol and lead chloride (PbCl;) (3:1 mol ratio) was
spin coated on the substrate at 2000 rpm for 30 s and annealed at 100°C for 45 min
in air. In order compare the performance of different perovskite layer deposition
approaches, in addition to one-step method, two-step method and adduct methods
have been compared. For this purpose, in the case of two-step approach, first a 1M
lead iodide (Pbly)solution in DMF was deposited on the TiO, layer and dried at
100°C for 15 min. Then a solution of 6mg/ml MAI in isopropanol was dropped on
the substrate and waited for 40 s and spun at 4000 rpm for 20 s. For crystallization,
films were heat treated at 100°C for 5 min. For adduct methodolgy, a %40 wt.
solution of dimethyl sulfoxide, Pbl, and MAI was prepared in DMF for a molar
ratio of 1:1:1. This solution was spin coated on the substrate at 4000 rpm for 30 s,
however after 5 s, diethyl ether was dropped on the spinning substrate. For
crystallization, films were heat treated at 100°C for 5 min. For deposition of p-type
hole condcuting layers, copper thiocyanate (CuSCN) dissolved in dipropyl disulfide
(20 mg/ml) and NiO nanoparticle dispersion, prepared by dispersing the synthesized
NiO nanoparticles in isopropanol, were spin coated on the cells at 4000 rpm for 30 s
and left to dry in fume hood. For inverted type solar cells, PEDOT:PSS was spin-
coated on FTOat 5000 rpm for 50 s and then annealed at 100 C for 15 min. After
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depositing the perovskite layer by adduct method, the acceptor layer wasprepared
by spin coating (1000 rpm, 30 s) 2 wt% PCBM inchlorobenzene onto the surface of
the perovskite film. The PCBM film was solvent annealed by covering the film with
a Petri dish for 24 hours. The trace amount of solvent (chlorobenzene)in the film
will continuously infiltrate PCBM to form a close contact with the perovskite film
underneath. For both devices, gold contacts were deposited by e beam evaporation
at a thickness of 100 nm. Devices were characterized by SEM and J-V curves were

recorded under simulated AM 1.5 conditions.

4.3.2 Characterizations of the perovskite solar cells

In the experimental work, in order to identify the best methodology for deposition
of perovskite layers, different approaches for perovskite synthesis in literature have
been tried and characterized. For this purpose, first of all, one step method has been
employed on TiO, based configuration where a compact layer and a mesoporous
layer were used without any hole conductor. Optimization of the blocking layer
thickness and mesoporous layer thickness was conducted using lead chloride and
methylammonium iodide based DMF solution at a molar ratio of 1:3. Results are
summarized in Table 4.2 and Table 4.3.

Table 4.2 Cell parameters of perovskite solar cells depending on the blocking layer

thickness, prepared by one-step method.

Blocking layer Vo (V)  Jsc (MA/cm?)  Fill factor Eff.(%0)

50 nm 0.63 9.51 0.47 3.00
70 nm 0.67 11.42 0.53 4.36
110 nm 0.65 9.042 0.58 3.65
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Table 4.3 Cell parameters of perovskite solar cells depending on the mesoporous

layer thickness, prepared by one-step method.

Mesoporous layer Vo (V)  Jsc (MA/cm?)  Fill factor Eff.(%)

200 nm 0.63 6.77 0.47 2.12
400 nm 0.66 8.82 0.49 3.08
600 nm 0.64 7.21 0.53 2.65
800 nm 0.61 7.23 0.54 2.54

For blocking layer optimization, spin cycles of the blocking layer precursor solution
was repeated up to 3 times and a 400 nm mesoporous TiO, layer was kept constant
for all devices. For mesoporous layer optimization, 1 cycle of blocking layer was
kept constant and spin cycles of mesoporous layer solution was varied up to 3
times. It was observed that best efficiency values were obtained from 2 layer spin
coating of blocking layer corresponding to 70 nm thick blocking layer and 2 times
spin coating of mesoporous layer corresponding to 400 nm mesoporous layer.
Thicker and thinner layers lead to reduction in cell potential while thick layers lead
to higher fill factors which can be explained as a reduction in shunt between FTO

and gold layer.

Table 4.4 Cell parameters of perovskite solar cells depending on perovskite layer
deposition method.

Method Voo (V) Jsc (MA/cm?)  Fill factor Eff.(%)
One-step method 0.67 11.42 0.53 4.36
Two-step method 0.85 12.79 0.40 4.33
Adduct method 0.85 12.64 0.42 4.56
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Figure 4.11 SEM images of the surfaces and cross sections of the devices produced
by one-step method (a,b), two-step method (c,d) and adduct method (e,f).
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In order to determine the effect of perovskite layer deposition method, in addition to
lead chloride based method, using the above optimized cell structure, two-step
deposition method and adduct methodology approaches have been studied. Cell
parameters of the devices are given in Table 4.4. It is seen that two-step and adduct
approaches yield an obvious enhancement in open circuit potential of the cells while
current densities are almost same. In order to identify the origin of this situation,
SEM studies have been conducted on the devices and are given in Figure 4.11. It
seen from the SEM images that one-step route leads to formation of a non
continious and island like perovskite film formation. Two step method yields
formation of cuboids and adduct methodology gives the smoothest films with full
coverage on the top of the films. Reduction of the open circuit potential in one-step
method may be explained in terms of a shunt between electron transporting TiO,
layer and the gold contact which is avoided in two step and adduct methods.
However, this situation has little effect on the fill factor and current densities. It is
known that PbCl,one step route can be used in open air atmosphere and other two
methods are more appropriate for deposition in an inert environment in contrast to

method in this work.

In order to determine the crystal structure of the perovskite layers and possible
impurities which may form due to deposition under open atmosphere conditions,
XRD analysis was performed on perovskite layers deposited on glass substrates by
adduct method and two step method and given in Figure 4.12a,b. It is seen that
perovskite layers deposited by adduct method show crystalline CH3NH3Pbl;
structure without any secondary phases, however layers produced by two step
method show residual Pbl; inside the structure. The photoluminescence spectra of
the perovskite layer produced by adduct method (Figure 4.12c) reveals that layer
shows strong emission peak at 573 nm upon excitation with a 420 nm laser. There is
no additional emissions in the longer wavelengths indicating the absence of native

defects inside the structure.
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Figure 4.12 XRD of perovskite layers on glass substrates deposited by adduct
method (a) and two step method (b) and photoluminescence spectra of the adduct

perovskite layer (c).
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Figure 4.13 SEM image (a) and J-V curve (b) of the inverted type solar cell.

In order to employ Li:NiO thin films produced during the study in perovskite solar

cells, inverted type solar cells were constructed where NiO layers were deposited on
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ITO glass, on which perovskite layer was deposited by adduct method and PCBM
layer was deposited on top. In Figure 4.13b, a typical J-VV characteristic of an
inverted type solar cell is given and it is seen that a strong S-shaped J-V
characteristic is seen. This type of behaviour is mostly related to charge
accumulation and injection resistance at selective contacts in this case PCBM/Au
interlayer, which arises from poor adhesion or sticking problems associated with

two layers.
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Figure 4.14 SEM images of solar cells without hole conductor (a), with CuSCN (b)

and with nickel oxide layer (c,d).
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For conventional non-inverted type solar cells, a thin blocking and mesoporous
TiO, layers were deposited on FTO glass and perovskite layer was deposited by
adduct method. From Figure 4.14a, such layer can be seen as perovskite layer
infiltrated into TiO, and as a capping layer on top of it. In Figure 4.14b, a layer of
CuSCN can be on the perovskite capping layer with a thickness of 200 nm
approximately. For NiO layers deposited from colloidal suspension, it is seen from
Figure 4.14c,d that a non-homogeneous coating ranging between 200-550 nm is

present.

In Figure 4.15 a and Table 4.5, d evice parameters of cells has been given. Upon
coating the hole conductor free devices with hole conductor NiO and CuSCN, both
fill factor and open circuit voltages are enhanced simultaneously. However, such
thick layers also hinders electronic transport and leads to reduction in short circuit
current and adds unwanted series resistances. From PL quenching measurements in
Figure 4.15b, it is seen that NiO can quench perovskite more efficiently than
CuSCN, however, highest value has been obtained with CuSCN based device as a

more homogeneous layer could be achieved compared to NiO based cell.
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Table 4.5 Cell parameters of perovskite solar cells employing nickel oxide, CUSCN
and hole conductor free configuration.

Device Ve (V) j:;A/cmZ) Fill factor ~ Eff.(%)
Hole conductor free  0.72 17.72 0.40 5.09
Nickel oxide 0.75 16.80 0.53 6.67
CuSCN 0.85 13.63 0.61 7.06

4.4 Conclusions

Nanoparticulate Li doped NiO particles and thin films have been succesfully
produced during the studies and characterized by means of structural and electrical
properties. Particles and films with enhanced electrical conductivity were produced
and according to XRD measurements, possess pure NiO structure, which confirms
succesful Li doping. Produced particles and films were employed as hole
conducting mediums in inverted and conventional mesoporous structured perovskite
solar cells. Although inverted type cells yielded poor efficiencies which was related
to insufficient charge transfer efficiencies between individual layers, nanoparticles
of NiO, which were deposited on perovskite solar cells with n-i-p configuration,
possess promising performance compared to other inorganic hole conductors like
CuSCN. For this reason, production techniques and deposition conditions of NiO
nanoparticle dispersions in n-i-p configurated cells were studied in depth for
optimization and enhancing the device performance. Details of the NiO

nanoparticle based perovskite solar cells are given in the next chapter.
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CHAPTER 5

NICKEL OXIDE NANOPARTICLES FOR n-i-p STRUCTURED
PEROVSKITE SOLAR CELLS

5.1 Introduction

Organo-lead halide perovskite based solar cells have been breakthrough
photovoltaic materials recently achieving outstanding power conversion efficiencies
around 20% [1,2]. Simple production routes and cheap raw materials for
construction are distinct features of these devices and attracting researchers around
the world and photovoltaic industry. In simplest form, the structure is a multilayer
stack of light absorbing perovskite layer sandwiched between electron and hole
selective contacts. Efforts have focused on deposition of crack and void free dense
perovskite layers with maximum grain sizes and several deposition methods like
solvent engineering [3,4], additive assisted deposition [5,6] and two step
techniques[7,8] have been developed yielding grain sizes up to millimeter scale.
Detailed analysis of defect structure for achieving defect free perovskite layers by
suitable additives[9] and compostional engineering [10] approaches modifying the
band structure of the perovskite layers lead to highly efficient and stable solar cells.
Apart from engineering of the perovskite layer, charge selective contacts play a
critical role in extracting charge carriers from absorber layer and in turn energy
harvesting. Engineering of the extraction layers is a key parameter for efficient
charge collection and harnessing of the maximum photovoltage attainable from the
cell as proved by former studies [11-13]. N-type electron transport layers in
perovskite solar cells are mostly semiconducting metal oxides like TiO, and ZnO
for n-i-p configurations while counter p-type hole transport layers are mostly
polymeric materials like spiro-OMETAD, P3HT and MEH-PPV [14]. Although

137



organic conjugated polymers can provide high efficiency values, the dilemma is the

long term instability and higher cost of these materials.

Inorganic metal oxide p- type layers offer long term stability and abundance when
cooperated in optoelectronic devices including OLEDs[15] as well as organic solar
cells [16]. Nickel oxide (NiO) as the most appropriate p—type candidate, has been
employed as hole transport layer in perovskite solar cells in inverted devices as a
replacement for PEDOT:PSS as well as scaffolding layer in mesostructured [17]
and carbon counter electrode based cells [18]. NiO based hole conductors are
preferrable to PEDOT:PSS due to hygroscopic nature of PEDOT:PSS and improved
electron blocking ability is also expected for NiO having higher conduction band
edge. Long term stability have already been demonstrated and great progress is
going on the research of NiO based perovskite solar cells. Deposition of NiO layers
were conducted by sol-gel spin coating methods [19,20], magnetron sputtering
[21], spray pyrolysis [22] and pulsed laser deposition [23] so far. However, all
these devices were constructed in p-i-n configuration inverted type concept [24,25]
and unavoidably require a counter n-type electron transport layer, mostly PCBM,
which is also a polymeric substance. You et al. [26] sandwiched the perovskite
layer between solution processed NiO and a spin casted ZnO nanoparticulate layer
on top of perovskite layer in an inverted cell. However, such a concept has not been
studied in depth for n-i-p configuration yet, in which expensive and low stability

spiro OMETAD and PTAA are the most widely preferred choices.

Inorganic hole conductors like CuSCN [27], FeS [28], and Cul [29] have been
employed as hole conducting layers in n-i-p configuration and n-i-p NiO was
demonstrated in a flexible cell [30]. The main difficulty of using two metal oxide
layers arises from the fact that any solvent (water, DMF, 2-methoxyethanol) used
for dispersing the metal oxide particles also has high solubility for perovskite layer
itself, which in turn washing it away during spin coating. In addition, any residual

surfactants used to stabilize the dispersions, may inhibit charge transfer between
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particles as there is no way to remove those impurities other than high temperature

treatment which is not possible on a perovskite deposited substrate.

In this work, a NiO nanoparticulate dispersion has been prepared in isopropanol
without using surfactant or additives and deposited on top of perovskite layer at
room temperature as the hole transport layer in a mesoscopic n-i-p cell for
polymeric component free perovskite solar cell applications. We investigated size
distribution of NiO nanoparticles produced by a precipitation technique and
subsequent ball milling on the dispersibility in isopropanol and thickness of the

deposited NiO layer on the device performance.

5.2 Experimental Studies

5.2.1 NiO nanoparticle dispersion preparation

NiO nanoparticles were synthesized by precipitation of 0.1M nickel acetate
tetrahydrate (99%, Aldrich) aqueous solution with 10M NaOH ageous solution.
After adding the NaOH solution dropwise until no precipitation was observed, the
precipitate was washed three times with DI water by centrifugation. Clean
precipitates were dried at 100°C overnight and fired at 250°C, 300°C and 400°C for
5 min. Ball milling was conducted in a glass vial containing 2 mm zirconia balls
and isopropanol. The ball to isopropanol to powder ratio was set as 25:1:1 by
weight. Effect of milling time on particle size and distribution was studied. For spin
coating, NiO particles were suspended in isopropanol (2% by weight) applying

ultrasonic treatment for 1 h and strirring overnight.

5.2.2 Cell construction

All chemicals were used as purchased without purification. FTO glass substrates
(10 ohm/sq Pilkington) were etched with zinc powder and 2M hydrochloric acid.

Etched substrates were throughly cleaned in detergent, deionized water, acetone and
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isopropanol. TiO, blocking layer was deposited on UV-Ozone treated substrates by
spin coating (2000 rpm, 30 s) a solution of 0.15M titanium diisopropoxide
bis(acetylacetonate) (75 wt% in isopropanol, Aldrich) dissolved in n-butanol. After
drying at 125°C, a solution of titania paste (Dyesol NRT-18) dissolved in ethanol
(1:3 weight) was spin coated at 2000 rpm for 10 s. After drying at 125°C and firing
at 500°C, films were treated with 0.02M TiCl, ageous solution at 90°C for 10 min
and fired at 500°C again. For deposition of perovskite layer, adduct method was
followed [31]. Pbl, (99%, Aldrich), CH3NHzl (Dyesol) and dimethyl sulfoxide
(99.5%, Aldrich) were dissolved in N,N-dimethylformamide (99.8% anhydrous,
Aldrich) with a molar ratio of 1:1:1. Prepared solution was filtered through a 0.2
micron PTFE syringe filter and spin coated on the substrates at 4000 rpm for 25 s.
During the fifth second of spinning, 0.5 ml diethyl ether (99.5%, Aldrich) was
poured at once on the substrates. Transparent films were further crystallized at
100°C for 5 min which resulted in shiny black perovskite films. Prepared
NiO/isopropanol dispersion was spin coated on the perovskite films at different
spinning rates. The dispersion was dispensed on the film during spinning in order to
minimize exposure duration of isopropanol to the perovskite layer. All depositions

were conducted under laboratory conditions in a relative humidity between 30-40%.

5.2.3 Characterizations

X-ray diffraction patterns were recorded by Rigaku D/MAX 2200/PC using Cu Ka
radiation. Morphology of powders and devices were characterized using scanning
electron microscopy (FEI Quanta 400 FEG equipped with EDX analyzer).
Chemical and electronic analysis of the powders were conducted using X-ray
photoelectron spectroscopy and ultraviolet photoelectron spectroscopy (UPS) (PHI
5000 VersaProbe). Surface area and particle sizes were analyzed by Brunauer—
Emmett-Teller (BET) method using a Quantachrome Autosorb-6 and laser
diffraction technique using helium neon laser red light (Malvern Mastersizer 2000).
Photoluminescence (PL) data was recorded by a fluorescence spectrophotometer

(Cary Eclipse) at an excitation wavelength of 420 nm. J-V curves of the cells were
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recorded by a Yokogawa GS610 source measure unit under simulated AM 1.5
conditions using Newport solar simulator 67005. Active area of the cells were set at
0.07 cm? with the same mask used for gold evaporation. Electrochemical
impedance spectroscopy was conducted using Gamry reference 3000 under
illumination with white LED light (60 mW/cm?) and fitting was conducted by
Echem analyst software.

5.3 Results and discussion

In case of thin film solar devices, transport layers are kept in a thickness range
varying from 50 nm to 200 nm for minimizing charge transfer resistances. For a
nanoparticulate hole transport layer, it is essential to synthesize particles lower than
200 nm and free of agglomeration. Homogeneous layers can only be deposited from
fine particle non-agglomerated dispersions because stability of the dispersion can
only be achieved by particles smaller than a critical particle size. For most
nanoparticle systems, particle size and degree of agglomeration primarily depend on
heat treatment temperature and duration. NiO particles synthesized by precipitation
were heat treated at 250°C, 300°C and 400°C in order to determine the minimum
NiO formation temperature. Duration of the heat treatment was set to only 5 min to

minimize particle growth.
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Figure 5.1 XRD spectra of NiO powders heat treated at different temperatures.

According to XRD spectra of powders given in Figure 5.1, as synthesized particles
after drying are pure nickel hydroxide (Ni(OH),) where peaks observed at 33.1°,
38.5° 51.7° 59.3° 62.8° 69.5° and 73.1° can be indexed to (100), (011), (012),
(110), (111), (013) and (021) planes (JCPDS 14-0117), respectively. Upon
increasing the temperature to 250°C, peaks associated with Ni(OH), vanishes
dramatically and new peaks observed at 37° 43.2°, 62.5°, 75.3° and 79.1° are
assigned to (111), (200), (220), (311) and (222) planes of cubic rock salt structure
NiO (JCPDS 78-0429). However, structure is a mixture of Ni(OH), and NiO. Fully
conversion to NiO cubic structure completes at 300°C. Further increasing the
temperature leads to narrowing of the peak width indicating particle size growth.
The XPS spectra of the particles produced at 300°C is given in Figure 5.2 and 5.3.
The deconvolution of electron binding energies to Gaussian fit for O 1s core levels
for NiO and Ni,O3; were observed at 529.7 eV and 531.90 eV, for Ni 2ps;, core
levels binding energies for NiO and Ni,O3 are 854 eV and 855.8 eV, respectively
[32].
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Figure 5.2 XPS spectra of powders heat treated at 300°C for 5 min showing Ni 2p

core levels.

Presence of NiOOH can be related to surface adsorbed H,O and formation of the
hydroxides. Ni*? ions in the structure show that there is excess oxygen or nickel
deficiency which compels Ni*? to Ni*? valence state. As long as there is no Ni;O3 as
a secondary phase as seen from XRD results, we conclude that all Ni** ions are in
the nickel oxide lattice and it is more appropriate to denote this compound as NiOy.
Actually, excess oxygen and Ni*® ions in the lattice is the major reason governing p-
type characteristics of NiO films which is quite beneficial by means of hole

transport during device operation while pure stoichiometric NiO is a perfect

insulator [33].
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Figure 5.3 XPS spectra of powders heat treated at 300°C for 5 min showing O 1s

core levels.

Determination of the actual particle size was carried out by BET surface area
measurements and laser diffraction techniques. As synthesized particles possess
high surface area reaching 236 m%g and upon heat treatment at 250°C, surface area
decreases to 186 m?/g. Powders exhibiting pure NiO structure at 300°C have a
surface area value of 179 m%g, slightly lower than 250°C. Table 5.1 summarizes
BET surface area values and corresponding particle size values (D) extracted from
BET measurements. Such high surface area values indicate very small particle
sizes, however do not give any information about degree of agglomeration which
can be detrimental to dispersion dynamics. Particle size distribution of nanoparticles
heat treated at 300°C and subsequently ball milled for different durations is given in
Figure 5.4. Without milling, particles possess wide size distribution from hundreds

of nanometers up to 80 microns.
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Table 5.1 BET surface area and corresponding particle size values of NiO

nanopowders heat treated at different temperatures.

Heat Specific Calculated particle
treatment surface area size (nm)
temperature (°C) (m?/g)
100 236 3.8
250 186 4.8
300 179 5
400 110 8.1

According to BET measurements, expected particle size is about 5 nm, however,
due to strong agglomeration, particles tend to come together forming large
aggregates behaving like individual particles. Upon ball milling, these agglomerates
are broken into smaller clusters and mean particle size is reduced to 2 micron range
after 12 h of milling. Further extending the milling duration to 24 h ends up with
particle size reduction down to 170 nm, which is small enough to suspend the
particles in the dispersion. However, this value is still suspicious and must be
distinguished from actual particle size or in this case crystallite size. Actual particle
size is far less than this value as revealed by BET measurements, keeping in mind
that resolving smaller individual particles is beyond the detection limit of laser
diffraction technique. After a critical milling duration, it is no more possible to
deagglomerate the particles into finer particles using milling method. Extending the
milling duration has negative effect on the particle size where particle size starts to
increase again due to some mechanical alloying effect. The tail in the distribution
curve | with a particle size of 800 nm remaining from unbroken particles tend to
precipitate at the bottom of the suspension and were removed from suspensions by
collecting the supernatant solution. These suspensions were stable up to 3 days and
have a 2% by weight NiO nanoparticles, calculated by collecting and weighing the

precipitated particles. Non milled powders yield no stable dispersion and precipitate
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in minutes. Effect of size reduction in stability of the dispersions is clearly visible

from the inlet image given in Figure 5.4.
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Figure 5.4 Particle size distribution of particles ball milled at 24 h (1), 48 h (1), 12
h (111) and non milled (1), measured by laser diffraction. The inlet image shows

dispersions of the powders in isopropanol after storage of 3 days.

50.0 nm
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500 nm

Figure 5.5 3D-AFM image of the powders deposited on glass substrates from stable
dispersions.
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Figure 5.6 High resolution SEM image of the powders after milling for 24 h.

Agglomerates of 50-150 nm can also be seen from 3D-AFM image and high
resolution SEM image given in Figure 5.5 and 5.6. Small crystallites of 5-7 nm
forming the larger aggregates which were revealed by BET measurements, can be
clearly distinguished in TEM image given in Figure 5.7.

Figure 5.7 TEM image of the agglomerates, revealing the fine crystallite size about

5-7 nm.

147



Electronic structure of the NiO particles produced at 300°C and ball milled for 24 h
were studied by ultraviolet photoelectron spectroscopy (UPS) using Hel emission
(21.21 eV). Work function of NiO was extracted from cut-off energy which
positions the fermi level to 4.27 eV with respect to vacuum level [34]. Difference
between the fermi level and valence band maximum (VBM) was calculated to be
1.11 eV (Figure 5.8) from the onset energy and VBM is placed to 5.38 eV.
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Figure 5.8 UPS spectra of the NiO powders employed in the perovskite cells at the
cut-off and onset energies.

Position of the conduction band maximum is found to be 1.70 eV by adding the
optical band gap value of 3.68 eV calculated from the Tauc plot given in Figure 5.9
with the light transmission spectrum of the NiO particle coating deposited on glass
substrates from stable dispersions by spin coating. The position of fermi level lying
1.11 eV above the VBM which is below the middle of the band gap, justifies the p-
type character of the powders as expected from the Ni vacancy formation proved by
XPS study.
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Figure 5.9 UV-Visible light transmission of the powders deposited from

isopropanol dispersion on glass substrates and Tauc plot given in the inlet image.

The band diagram of the NiO layer calculated in this work is depicted in Figure
5.10 with respect to perovskite layer. It is seen that VBM of the NiO layer and
perovskite layer are close to each other with a difference of 0.05 eV. Such a small
difference is quite favorable for a photovoltaic device, from point of view of both

hole injection from perovskite to NiO and expected open circuit voltage (Vo) loss

which, in this case, is negligible.
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Figure 5.10 Band diagram of nickel oxide particulate films showing the fermi level
(Ef), conduction band minimum (CBM) and valence band maximum (VBM)

derived from UPS measurements with respect to that of perovskite.

Efficiency of charge transfer from produced NiO particles has been proven by
photoluminescence (PL) quenching measurements given in Figure 5.11. The PL
intensity of the perovskite layer deposited on glass substrate upon excitation with a
laser beam of 420 nm wavelength is strongly reduced with the addition of a NiO
layer underneath, indicating efficient hole transfer between NiO and perovskite
layers. The large difference between CBMs of NiO and perovskite ensures
preventation of electron transfer from perovskite to NiO and manifests NiO as an

efficient electron blocker in the cells.
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Figure 5.11 Photoluminescence quenching measurements of the perovskite films

deposited on bare glass substrates and on the NiO layer.

Stable dispersions were used to deposit NiO nanoparticulate layers on top of a
perovskite layer to be employed as a hole conductor layer. Structure consists of a
blocking layer and a mesoporous TiO; layer, a perovskite layer embedded inside the
mesoporous layer and as a separate capping layer. NiO nanoparticles were
deposited on top of perovskite layer forming a mesoscopic n-i-p configuration solar

device as given in Figure 5.12.

Figure 5.12 Schematic illustration of mesoscopic n-i-p configuration of perovskite

solar cell constructed in this work.
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For the case of n-i-p configuration, prepared nanoparticle dispersion should be
dispensed directly on the perovskite layer, so a restriction for dispersion medium
arises because polar solvents used to prepare nanoparticle dispersion also solve the
perovskite crystals and damages the perovskite layer. Therefore, common solvents
like ethanol, water, methanol, DMF, 2-methoxyethanol cannot be employed for
dispersions. In addition, any additive like surfactants, which require high
temperature treatment for removal, cannot also be used because perovskite layer
restricts again high temperature heat treatment as it undergoes degradation at
temperatures above 150°C and residual surfactant molecules inhibit charge transfer
between particles. Isopropanol, with a polarity index of 3.9, has intermediate polar
character between polar and apolar solvents and is the choice of dispersant medium.
From SEM image of the cross section given in Figure 5.13, individual layers can be
seen and there is no evidence of physical damage related to perovskite degradation

due to isopropanol dispensing.
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Figure 5.13 Cross sectional SEM image of the cells prepared in this work.
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Completed cells after Au evaporation were characterized under AM1.5 conditions
and parameters of the cells are shown in Figure 5.14 and tabulated in Table 5.2.
Cells without a hole conductor yields an efficiency value of 6.48% due to p-type
nature of perovskite layer itself which can hold a depletion layer together with an n-
type mesoporous scaffold layer and possess hole conducting ability as evidenced by
former studies [35,36].
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Figure 5.14 J-V curves of the hole conductor free and NiO based cells with

different spin speeds under simulated AM 1.5 conditions.

Addition of NiO layer enhances both open circuit voltage and short circuit current
simultaneously, however fill factors highly depend on spin speed of the NiO
coating. Low spin rates deposit thicker NiO layers and cause resistance for hole
conduction revealing itself as an S-shaped J-V characteristics which is mostly
related to a problem of interfacial charge transport or excessive resistance [37].
Deposition at a spin rate of 3000 rpm gave the best results obtained in this work
with an open circuit voltage of 0.97 which outperforms hole conductor free cell. Fill
factor was also rised up to 0.62 yielding an overall efficiency of 10.89% for best

cell measured at 500 mV/s under reverse scan (from Vo to Jsc) conditions. Further
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increasing the spin rate for this dispersion concentration causes inhomogeneous

distribution of the NiO particles and it is not possible to deposit continuous films.

Table 5.2 Cell parameters of the devices prepared by different spin speeds of NiO

dispersion.
Voe (V) Jsc (MA/cm?) Fill factor Eff.(%)

1000 rpm

0.89 17.22 0.36 551
(Reverse)
2000 rpm

0.85 17.41 0.43 6.36
(Reverse)
3000 rpm

0.97 18.12 0.62 10.89
(Reverse)
3000 rpm

0.94 17.43 0.60 9.73
(Forward)

Without NiO

0.83 15.03 0.52 6.48

(Reverse)
Without NiO

0.74 14.72 0.45 4.94

(Forward)

The strong dependence of fill factor on spin speed and efficiency of the cells can be
explained by partially agglomerated character of the particles which allows film
thicknesses no smaller than the agglomerate size, which is about 150 nm in this
case. The efficiency distribution of 20 NiO based cells produced by a spin rate of

3000 rpm is given in Figure 5.15.
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Figure 5.15 Efficiency distribution of NiO based perovskite solar cells deposited by

3000 rpm speed, using the NiO dispersion, calculated from 20 individual cells.

NiO layer not only increases the overall efficiency but also improves hysteresis
behaviour observed in perovskite based cells. J-V curves recorded under forward
and reverse scan conditions are given in Figure 5.16 and 5.17 for cells with NiO
layer and hole conductor free configuration, respectively. NiO based cells exhibit
slightly higher Vo value and fill factor when measured in reverse direction
compared to forward scan, however this effect is more obvious and clearly affects

the overall efficiency for hole conductor free cells.
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Figure 5.16 Dependence of J-V characteristics of the NiO based cell on scan
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Figure 5.17 Dependence of J-V characteristics of hole conductor free cell on scan

direction.
The photocurrent stability of the measurements given in Figure 5.18 also confirms
the better performance of NiO based cell by means of stable current output where

decline in the photocurrent for hole conductor free cell is severe and deposition of
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the NiO layer greatly enhances the output stability of the cells. Origin of hysteresis
have been investigated in depth and mostly related to internal defect density of the
perovskite layer [38] and charge accumulation between individual layers [39]. NiO
layer can effectively extract holes from perovskite layer and enhances the charge
collection efficiency which inhibits accumulation of charges inside the perovskite
layer and perovskite/Au interface. The remnant hysteresis in NiO based cells can be
associated with defects and trap sites in the perovskite layer or small voids present
in the nanoparticulate NiO layer. These voids are responsible from the direct
contact of Au layer with the perovskite and may lead to shortage inside the cell,
however, this situation is not detrimental to cell functioning. On the other hand,
prevention of small voids and deposition of a fully compact void free structure
would clearly enhance the performance and increase the maximum attainable

voltage from cells.

20
] Lighton
18 Ny
&1 /" " = m % g 3 5 g g nN
16 ‘
§ 1 s
< 14{ [®—e
\E/ T ‘ ® o ¢
> 12 4 ‘ @
= 1 | ® o © 0o o o
c 10_ i
q) = |
= 1 | = NiO based cell
E %1 e  w/o hole conductor
O 4 |
e "1 |
2 5]
o |
0 ’ Y T v T v T v T T T T T
0 10 20 30 40 50 60

Time (sec)

Figure 5.18 Stability of photocurrent density of hole conductor free and NiO based

cells under constant illumination of 100 m\W/cm? for 1 min.
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In order to elucidate the role of NiO layer on device operation in depth, NiO
containing and hole conductor free cells were characterized using impedance
spectroscopy (IS). IS is a powerful tool to study recombination dynamics and
transport phenomena in solar cells and have been employed in characterization of
perovskite solar cells. Impedances of the cells were recorded under constant
illumination of 60 mW/cm? white LED light for different applied bias voltages. In
Nyquist plots of the cells at 0V and 0.5V applied bias given in Figure 5.19 and 5.20,
two distinct arcs are observed for both types of cells. There are no transmission line
or Gerischer feature seen in mesoporous solar cells, due to limited thickness of TiO,
mesoporous layer deposited in the devices in this work which is no more than 200
nm [40].
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Figure 5.19 Nyquist plots of the perovskite solar cells with NiO layer at 0V and

0.5V. Inlet image shows the equivalent circuit model used to fit impedance data.

The impedance spectrum were fitted by a simple equivalent circuit shown in the

inlet of Figure 5.19. The first arc appearing in high frequency region is related to
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charge transfer resistances (Rct) and assosicated capacitances in the selective
contacts (NiO layer and TiO,blocking and mesoporous layers) [41,42]. For a better
fitting, capacitances are represented with a constant phase element (CPEct) because
both selective contacts may not fully cover the cell and contain pin holes. The low
frequency arc is related to recombination resistance (Rgrec) and capacitance
(CPERgec).
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Figure 5.20 Nyquist plots of hole conductor free devices at 0V and 0.5V.

Figure 5.21 shows charge transfer resistances of the cells at applied bias voltages.
As long as blocking and mesoporous TiO, layers are identical for both cells, charge
transfer resistances are determined by hole transfer medium. Addition of NiO hole
transport layer introduces a net increase to the charge transfer resistance of the cells
at all applied voltages, nearly two fold higher than hole conductor free cell.
Nanoparticulate nature of the NiO coating is the main factor for electrical resistance
where hopping mechanism is the dominant carrier transport pathway in contrast to

dense polymeric hole conductors used in perovskite solar cells. However, actual
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contribution of the NiO layer manifests itself as an enhanced recombination

resistance given in Figure 5.22.
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Figure 5.21 Charge transport resistances of two cells with increasing applied

voltage.

At all applied voltages, recombination resistance of the cells with NiO layer is
higher than the hole conductor free devices. Actually at 0V, hole conductor free cell
has a considerable recombination resistance competing with NiO based cell,
however as voltage increases, a sharp drop in the recombination resistance occurs.
Meanwhile, cells with NiO layer can resist recombination up to 0.7V. This ability of
resistance to recombination mostly arises from low electron affinity of NiO which
makes it a perfect electron blocking material for perovskite solar cells. Reduced
recombination in NiO based cells is the major advantage and leads to the

enhancement in Voc and fill factor compared to hole conductor free devices.
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Figure 5.22 Recombination resistances of the cells with increasing applied voltage.
5.4 Conclusions

Overall efficiency of perovskite solar cells was enhanced by addition of a
nanoparticulate NiO layer deposited on perovskite layer in mesoscopic n-i-p
configuration. Particles produced by precipitation and subsequent ball milling were
used to achieve stable dispersions in isopropanol which were used to deposit NiO
nanoparticulate layers without damaging the underneath perovskite layer. Addition
of the NiO layer strongly enhances the cell characteristics of the devices compared
to hole conductor free configuration achieving 10.89% efficiency for the best cell
and improves hysteresis characteristics and output stability of the devices. This
strategy is believed to be applicable to other metal oxides for charge collection
layers in solar cell devices avoiding polymeric charge carrier layers for prolonged

stability.
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CHAPTER 6

PRODUCTION OF MESOPOROUS LAYERS IN CARBON BASED
PEROVSKITE SOLAR CELLS BY FLAME SPRAY METHOD

6.1 Introduction

Solution processed perovskite based solar cells have been breakthrough
photovoltaic devices in the past five years. Organo lead halide perovskite materials
offer outstanding photovoltaic performances thanks to their unique absorption and
transport properties. Efficiencies over 20% have already been reached and huge
efforts are being devoted to mass scale fabrication and commercialization of
perovskite solar cell technology [1,2]. Design concepts of the perovsite solar cells
like p-i-n or n-i-p configuration and mesoporous scaffolding or planar
heterojunction devices have been studied extensively. There are numerous
production routes for deposition of defect free, homogeneous conformal perovskite
layers [3,4] and conjugated charge selective layers, which are mostly organic
materials like spiro-OMeTAD [5,6] or PCBM [7,8]. These polymeric materials not
only possess low mobility, low crystallinity and high cost, they also suffer from low
stability and severe cell degradation during prolonged operation [9]. Although
efforts have focused on the development of deposition of fully metal oxide charge
selective layers [10,11], majority of high performance cells still employ organic p-

type or n-type charge carrier layers which is limiting the commercialization

Carbon based monolithic perovskite solar cells have been attractive structures since
their introduction [12]. They combine high performance of perovskite solar
absorbers and ease of production thanks to the screen printing technology. The

major advantage of these devices is the lack of any organic component causing cell
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degradation and prolonged stability of these devices have been demonstrated [13].
The basic structure of a carbon based perovskite cell is a stack of mesoporous
layers, an n-type electron collecting layer like TiO,, an insulating seperation layer,
like ZrO,, Al,O; and the carbon collector electrode. Perovskite crystals are
embedded inside the mesoporous network and act like the absorption layer and hole
conducting medium, simultaneously. By modifying the distribution and preferential
orientation of the perovskite crystals inside the mesoporous matrix, efficiencies
over 15% have been reported by humiditiy assisted thermal treatment [14] or slow
crystallization techniques [15]. NiO, which is a common hole conducting medium
employed in inverted perovskite solar cells, has been succesfully incorporated into
this structure as an hole extracting and transporting medium, deposited on top of the
insulating layer and enhancing the overall efficiencies [16,17]. The major
contribution of the NiO layer is reduction of the recombination rate inside cell by
extracting holes from perovskite and enhancing charge transfer rates, especially
when used in cojunction with a seperator layer [18,19]. However, with the
introduction of each additional thick mesoporous layer, overall series resistance
inside cell starts to be a dominant factor affecting the performance of the devices,
especially limiting the open circuit voltage of the cells. Enhancing the conductivity
of perovskite crystals by LiCl doping has been demonstrated for decreased series
resistance [20]. Although doped charge selective metal oxide layers were reported
to improve charge collection and proven to be an effective way of enhancing
efficiency [21,22], such a concept has not been realized for mesoporous charge
selective layers in carbon based devices yet.

In this work, a carbon based perovskite solar cell has been developed employing
doped metal oxide nanoparticles for achieving a highly conducting charge transfer
medium and reduced overall cell resistance. In order to ensure an effective doping
of the metal oxides employed, flame synthesis method is chosen instead of the wet
chemistry methods which are insufficient for doping purposes. A novel flame
spraying method is introduced by means of nebulizing methanol based precursor

solutions and flame synthesizing doped metal oxide nanoparticles, which we choose
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to refer as “methanol combustion synthesis”. Yttrium doped TiO,, MgO and lithium
doped NiO nanoparticles were produced by this method and deposited in a stack
configuration. Morphological, structural and electrical characterizations of the
synthesized powders were conducted and correlated to device performance by
means of electronic transport and interfacial charge transfer dynamics. Effect of

doping on the transport properties and perovskite solar cell efficiency was studied.

6.2 Experimental

6.2.1 Production of metal oxide nanoparticles by flame spray

In order to synthesize metal oxide nanoparticles for construction of perovskite
based solar cells, a flame spray apparatus made of a stainless steel pipe was used.
Methanolic precursor solutions were nebulized to fine mist by an ultrasonic
nebulizer operated at 1.63 MHz. This mist was fed into the tubular nozzle by
nitrogen as the carrier gas, where they were mixed with oxygen until a stable flame
is achieved. The flame was fed into a ceramic tube which is connected to vacuum
pump. The particles were collected at a filter paper in front of the vacuum pump
connection. For synthesis of TiO, nanoparticles, a 0.1 M solution of titanium
bisacetylacetonate diisopropoxide in methanol was used. For deposition of MgO
layers, Mg(NO3),.6H,0 was dissolved in methanol with a molarity of 0.1 M. For
deposition of NiO layers, a methanolic solution of 0.1 M Ni(OCOCH3),.4H,0 was
used, similarly. In order to dope TiO,, Y(NO3)3.4H,0 was added to the precursor
solution with varying molar concentrations. For Li doping of NiO, LINO3; was
added to the precursor solutions similarly. Collected particles were ground inside a
mortar with ethanol and suspensions were prepared by grinding and ultrasonic
treatment. The ethanolic suspensions were mixed with ethyl cellulose and terpineol.
A typical paste consists 2:1:10 weight ratio of powder, ethyl cellulose and terpineol

respectively. Excess ethanol was evaporated by a rotary evaporator at 50°C.
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6.2.2 Construction of carbon based perovskite solar cells

Carbon based perovskite solar cells were prepared by a one step technique using the
flame spray coated FTO glass substrates. Deposition of the nanoparticles were
conducted in the order of TiO,, MgO and NiO, forming an n-i-p configuration.
Before deposition of the particles by screen printing, a 50 nm blocking TiO, layer
was deposited on the precleaned and UV-Ozone treated FTO substrate. For this
purpose, a 0.15 M titanium bisacetylacetonate diisopropoxide solution in butanol
was prepared and coated on the FTO substrates by spin coating at 2000 rpm for 20
s. After firing this layer at 500°C for 15 min and cooling down, nanoparticle pastes
were deposited on the substrates by screen printing method. The formulation
employed in this work yields approximately 500 nm thick films by using a 90 mesh
size for screen printing. Thick films of TiO,, MgO and NiO particles were
deposited subsequently on top each other after drying the deposited pastes at 125°C
for 5 min. The stacking layers were then subjected to heat treatment at 500°C for 15
min. After coolinmg down, 10 pum thick carbon layer was deposited by doctor
balding a carbon paste Elcocarb B/SP, Solaronix. After firing at 400°C for 30 min,
fresh electrodes were filled with 10 microliters of perovskite precursor solution at
room temperature and waited for full impregnation for several minutes.
Crystallization of the perovskite layer was conducted at 50°C for 90 min. The
perovskite precursor solution was composed of 0.159 g of methylammonium iodide
(Dyesol), 0.461 g of lead iodide (Sigma 99%) and 0.013 g of 5 ammonium valeric
acid iodide (5-AVAI) dissolved in 1 ml of N,N-dimethylformamide. Synthesis of 5-
AVAI was achieved by reacting equimolar amount of hydriodic acid and
ammonium valeric acid at 0°C for 2 h, evaporating the solvent and recrystallizing
with diethyl ether for 3 times. After completion, cells were kept under ambient

conditions without any encapsulation in dark.
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6.2.3 Characterizations

X-ray diffraction patterns for determination of phase analysis were recorded by
Rigaku D/MAX 2200/PC using Cu Ka radiation. Morphology of nanoparticles and
devices were investigated by scanning electron microscopy (SEM) (FEI Quanta 400
FEG equipped with energy dispersive X-ray (EDX) analyzer). Chemical properties
and electronic band structure determination of doped nanoparticles was conducted
using X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron
spectroscopy (UPS) (PHI 5000 VersaProbe). J-V scans of the cells were conducted
using Yokogawa GS610 source measure unit under simulated AM 1.5 illumination
from a Newport solar simulator 67005. Electrochemical impedance spectroscopy
(EIS) analyses of the produced cells was conducted using Gamry reference 3000
under illumination with white LED light (60 mW/cm?) and Echem analyst software

was used for fitting.

6.3 Results

In order to determine crystallographic structure of the metal oxide powders
produced by flame spraying method, X-Ray diffraction patterns of the produced
nanoparticles coated on glass substrates and heat tretated at 500°C were recorded
and given in Figure 6.1. In Figure 6.1a, it is seen that undoped TiO; particles exhibit
pure anatase structure where peaks observed at 25.51°, 37.91° 48.19° 54.23°
55.26° and 62.86° were assigned to (101), (004), (200), (105), (211) and (204)
planes of anatase structure of TiO,, respectively. However, upon doping with
yttrium even after 1%, rutile peaks starts to appear at 27.56°, 36.11° and 41.05°,
assigning to (110), (101) and (111) planes, respectively. Intensity of the peaks tends
to increase with increasing yttrium doping amount and structure starts to convert to
rutile. There are no peaks associated with the Y,03, the most intense peaks of which
are expected to appear at 29.2° and 33.7°, are completely missing. This situation
shows that all yttrium atoms are incorporated into TiO, lattice and promotes

conversion of anatase to rutile. Tendency of the phase transition between anatase
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and rutile upon yttrium doping was observed in previous studies similar to this work
and related to decreased activation energy of rutile formation in the presence of a
dopant [23,24]. XRD spectra of produced Li doped NiO nanoparticles are given in
Figure 6.1b. Peaks appearing at 37.87°, 42.1°, 62.8°, 74.3° and 78.7° are assigned to
(111), (200), (220), (311) and (222) planes of cubic rock salt structure NiO. There
are no peaks associated with a secondary phase like Li,Os3, indicating the successful
incorporation of Li atoms into NiO lattice, up to a doping amount of 20%. In Figure
6.1c, XRD spectra of MgO is given and peaks observed at 36.99°, 42.98° 62.54°
and 78.82° are assigned to (111), (200), (220) and (222) planes, respectively,

showing successful formation of MgO powders.

® Anatase TiO, ® NiO
® Rutile TiO,
El
Tio, 4% ¥ > e  NiO20%Li
u A bl
_ TiO2 2%Y _ NiO 15% Li
= L L n LIS = 5
s ; 8
> . . i Ti0, 1% Y|
2 T = i NiO 10% Li
8 8 A ~
= Ti0,05% Y| £
[ ] u [ 1]
° B =) -l . I n NiO 5% Li
0 . A
= NiO
, . [ 1] s 1O, A_—L i
o ke
Y 1 Y ) T T T T T
30 40 50 60 70 20 30 40 50 60 70 80
2 Theta 2 Theta
() (b)

] m MgO

Intensity (a.u.)

T T
40 60 80
2 Theta

(©)

Figure 6.1 XRD spectrum of nanoparticles produced by flame spray method, TiO,
(a), NiO (b) and MgO (c).
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In order to determine the microstructural and morphological properties of the
produced particles, scanning electron microscopy (SEM) studies were conducted on
the particles deposited on FTO substrates and SEM images are given in Figure 6.2.
From Figure 6.2 it is seen that, all particles exhibit nanoparticulate structures with a
nanoparticle size ranging between 20 to 50 nm, showing the success of flame spray
method to produce nanoparticles and mesoporous layers which is a prerequisite for
perovskite solar cell applications.Morphology and the size of the powders are quite

similar to each other.

1 pm
METE-METU

Figure 6.2 SEM images of nanoparticles produced by flame spray on FTO
substrates, TiO; (a), MgO (b), NiO (c) and TiO,, MgO, NiO stacking layers (d).
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Table 6.1 BET specific surface area of the synthesized powders before and after
heat treatment at 500°C.

Surface Area TiO, MgO NiO
Before Heat
) 66 70 63
Treatment (m“/g)
After Heat
49 54 51

Treatment (m%/g)

In order to clarify the particle size similarity seen in the SEM images, BET surface
area measurements were conducted on the as synthesized particles and after heat
treatment at 500°C for 15 min and given in Table 6.1. Before heat treatment,
particles possess high surface area value ranging between 65-70 m?/g. However,
particles used for the construction of the mesoporous cells require a heat treatment
for thick film deposition so actual surface area of the powders are the values after
sintering at 500°C. Upon heat treatment, surface area of the powders reduce to
values ranging between 50-55 m?/g, which is the optimum surface area for
nanoparticles employed in construction of mesoporous photovoltaic devices like the
dye sensitized solar cells or mesoscopic perovskite solar cells. It is interesting to
note that, from both SEM analysis and BET surface area mesurements, particle
sizes and surface area value of the powders are quite identical for TiO,, MgO and
NiO nanoparticles produced by the methanol combustion method employed in this
work. This method yields similar particle sizes and morphologies regardless of the

materials or precursors used for production.

Yttrium doped TiO; and lithium doped NiO nanoparticles were produced with the
same method for different doping concentrations in order to obtain enhanced
electrical conductivity. TiO, particles were doped between 0.5-4% atomic ratio
where lithium doping of NiO was conducted up to 20% atomic ratio due to high
solubility of the lithium in the NiO lattice. The effect of the heavy doping on the

resistivity of the produced particles are given in Figure 6.3.

176



1000000 -

800000 - Y-TiO2

oo —eLiNiO

400000 -

A\
A\
\\

2000 -

1500

Resistivity (ohm.cm)

1000

500

oO+—F—7T—"7T7 T T T T T T T 7
o 2 4 6 8 10 12 14 16 18 20

At.% Dopant

Figure 6.3 Two point resistivity values of Y:TiO, and Li:NiO nanoparticles

depending on the dopant amount in the precursor solution.

The introduction of the yttrium dopant atoms into TiO, lattice results in a net
decrease in the resistivity of the powders up to 2% doping amount from
megaohm.cm values down to 340 kiloohm.cm value. Further increasing the yttrium
amount has negative effect on the electrical conductivity beyond 2% doping value.
For the NiO based particles, lithium doping results in strong reduction in the
resistivity and can be reduced down to 150 ohm.cm value at 5% doping amount.
The conductivity quickly saturates upon lithium doping and stays around this value
up to 20% doping amount, where lowest resistivity is achieved at 10% doping
having 140 ohm.cm value obtained in this work. The doping concentrations given in
Figure 6.3 represent the amount of dopant atoms in the precursor solution and actual
value of the doping in the lattice is investigated on the produced powders by
chemical analysis. For detection ytrrium atoms in the TiO, powders were analyzed
with EDX, where for detection of lithium atoms ICP-MS method was employed and

results are given in Table 6.2.
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Table 6.2 Actual doping concentration of powders compared to the precursor

solutions of Y:TiO, and Li:NiO nanoparticles.

Y:TiO; Li:NiO

% At.

dopant in 0.5 1 2 4 5 10 15 20

precursor

% At. 4.8 7.7 131 157
047  0.77 1.71 3.2

dopant in (ICP- ICP- ICP- ICP-
(EDX) (EDX) (EDX) (EDX)

powder MS) MS) MS) MYS)

The amount of dopant atoms in the powders are slightly deviated from the
concentration in the precursor solutions as derived from the chemical analysis. For
both Y:TiO, and Li:NiO powders, this deviation increases with the doping
concentration as it gets harder to introduce more atoms into the host lattice with
increasing concentration. For Y:TiO, powders with 4% doping amount in the
precursor solution, actual amount is found to be 3.2% and we believe this is the
maximum solubility limit of yttrium in the TiO; lattice using the flame combustion
method. However, the doping efficiency is still high for the powders produced and
this proves the doping ability of the flame combustion method employed in this
work. The advantage of the flame method is the rapid formation of the particles in
the flame where there is not sufficient time for the dopant atoms to precipitate as a
secondary phase compared to widely used precipitation methods for doping
purposes. Oxidation of the host and dopant precursors occur simultaneously upon
introduction of the precursors to the flame and dopant atoms can be trapped in the
host lattice more efficiently. Former studies employing hydrothermal and sol-gel
methods for production of yttrium doped TiO, nanoparticles fail to successfully
introduce the dopant into the lattice where starting concentration of the dopant
atoms are far less than the final particles [23, 25]. Chemical structure and effect
doping on the produced metal oxide layers were further investigated using XPS

analysis. XPS spectra of the undoped TiO, nanoparticles and Y:TiO, nanoparticles
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with the 2% yttrium doping amount and deconvolution of Ti 2p core levels with the
fitted spectrum on Shirley type background are given in Figure 6.4 and Figure 6.5,

respectively.
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Figure 6.4 XPS spectra of Ti 2p core levels for undoped TiO, nanoparticles.
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Figure 6.5 XPS spectra of Ti 2p core levels for 2% yttrium doped TiO,

nanoparticles.
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Deconvolution of O1s core levels and the fitted spectrum for undoped TiO, and 2%
yttria doped TiO, nanoparticles and 3d core levels for yttrium are given in Figure
6.6, Figure 6.7 and Figure 6.8, respectively.

TiO2
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Figure 6.6 XPS spectra of O1s core levels for undoped TiO, nanoparticles.
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Figure 6.7 XPS spectra of O 1s core levels for 2% yttrium doped TiO,

nanoparticles.
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Figure 6.8 XPS spectra of Y 3d core levels for 2% yttrium doped TiO,

nanoparticles.

The peaks observed at 458.4 eV and 464.1 eV are assigned to Ti 2ps and Ti 2pyp,
respectively, indicating the Ti** oxidation state which are consistent with literature
reports. It is seen that both samples are quite identical and there is no chemical shift
or shoulder assigned to another Ti state. Ti** state seen in oxygen deficient samples
which appear at around 455 eV is totally absent which shows that structure is pure
TiO,. The same situation is valid for the O 1s spectra of the both samples which are
again quite identical. Peak appearing at 529.6 eV is assigned to the TiO, while
shoulder peak at 531.1 eV is related to the surface adsorbed hydroxyl groups. XPS
spectra of yttrium 3d core levels given in Figure 6.8 show the peaks after
deconvolution, which appear at 157.2 eV and 159.5 eV for 3 ds, and 3 ds; levels,
consistent with the earlier reports. According to XPS analysis, structure is fully
TiO, and we relate this situation to two factors. Addition of a trivalent cation of Y*
prevents reduction of the Ti atoms to lower oxidation states for conservation of the
charge neutrality, indicating that all Y atoms are incorporated into the TiO, lattice
succesfully. In addition, the flame spraying synthesis is conducted with excess
oxygen and oxygen deficiency is not likely under the synthesis conditions. XPS

spectra of the undoped NiO nanoparticles and Li:NiO nanoparticles with the 10%
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lithium doping amount and deconvolution of Ni 2p core levels with the fitted

spectrum on Shirley type background are given in

respectively.

Figure 6.9 and Figure 6.10,
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Figure 6.9 XPS spectra of Ni 2p core levels for undoped NiO nanoparticles.
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Figure 6.10 XPS spectra of Ni 2p core levels for 10% lithium doped NiO

nanoparticles.
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Deconvolution of O1s core levels and the fitted spectrum for undoped NiO and 10%
lithium doped NiO nanoparticles are given in Figure 6.11 and Figure 6.12,
respectively.
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Figure 6.11 XPS spectra of O1s core levels for undoped NiO nanoparticles.
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Figure 6.12 XPS spectra of O1s core levels for 10% lithium doped NiO

nanoparticles.
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For Ni 2p core levels of undoped NiO given in Figure, peaks observed at 853.7 eV,
855.3 eV and 856.1 eV are assigned to NiO, Ni,O3 and surface adsorbed hydroxyl
groups forming NiOOH, respectively. Presence of intrinsic Ni** in the NiO is due to
excess oxygen in the NiO lattice and is consistent with the previous studies., It is
seen from deconvolution of Ni 2p states and the oxygen 1s states, upon doping with
lithium, amount of Ni*? increases with respect to Ni*? in NiO lattice. As long as
there is no secondary phases like Ni,O3; from the XRD spectra, we conclude that
introduction monovalent ion Li** results in the increase in the Ni*® concentration in
the NiO structure due to conservation of charge balance. Actually, these ions are
responsible from the enhancement of the hole concentration in the valence band and
electrical conduction observed in the particles. Unlike doped TiO,, the doping of the
NiO with Li, a chemical shift in the XPS spectra of the NiO powders can be
observed from O 1s levels. Peak appearing at 529.4 eV of O 1s levels of NiO for
undoped samples, shifts to 528.8 eV binding energy, corresponding to a chemical
shift of 0.6 eV. The high concentration of Li atoms and heavily doped nature of the
particles produced in this work is believed to lead to the observed shift in the NiO

particles, which could not be detected for TiO, samples.

In order to eludicate the performance of the produced nanoparticles in perovskite
solar cells, these particle were deposited on FTO substrates by screen printing
method and cells were constructed using the pastes produced in this work. For this
purpose, firstly, standart carbon based cells employing screen printed TiO, and
MgO cells were constructed and characterized for determining the optimized
perovskite precursor solution conditions. J-V curves of the cells prepared from

precursor solutions with and without 5-AVAI are given in Figure 6.13.
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Figure 6.13 J-V curves of the carbon based cells with and without 5-AVAI addition

to the perovskite precursor solution.

As seen from Figure 6.13, cells without 5-AVAI shows poor performance with a
open circuit potential of 0.85 V, short circuit current density of 15.57 mA/cm? and
fill factor of 0.42 , yielding and efficiency of 5.62%. However upon addition of 5-
AVAL, cell parameters dramatically increase, especially short circuit current density
and fill factor which are risen up to 18.28 mA/cm? and 0.55, yielding an efficiency
of 7.95%. 5-AVAI is known to grow perovskite crystals inside the mesoporous
network in a more regular fashion and larger crystals can be formed thanks to the
wettibility property of the ammonium valeric acid and this fact is considered to be
the major factor of the improvement in the cells. Using the same precursor solution
containing 5-AVAI, carbon based perovskite solar cells were constructed from
flame spray synthesized nanoparticles and J-V curves were given in Figure 6.15 and

Figure 6.16 and cell parameters were tabulated in Table 6.3.
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Figure 6.14 SEM image of a stacking layer of TiO,/MgO/NiO (a) and the
corresponding line EDX analysis (b).
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Figure 6.15 J-V curves of the carbon based perovskite solar cells constructed using

undoped particles.
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Figure 6.16 J-V curves of the carbon based perovskite solar cells constructed using

doped particles.

Table 6.3 Cell parameters of the carbon based solar cells constructed using flame

spray deposited nanoparticles.

Voc Jsc Eff.

Cell , FE
(V)  (mA/cm?) (%)
TiO,500nm / MgO 1pum 0.82 14.3 051 5.93
TiO,500nm / NiOlum 0.85 16.4 055 7.66
TiO,500nm / MgO 1um / NiO 1lpm 0.87 15.1 057 7.48
TiO,500nm / MgO 500nm / NiO 1um 0.87 15.8 0.61 8.38
Y:TiO,500 nm / Li:NiO 1lum 0.76 9.1 0.39 2.69

Y: TiO,500nm / MgO 500nm / Li:NiO 1um  0.77 7.7 047 2.78
TiO,500nm / MgO 500nm / Li:NiO 1um 0.88 17.2 0.64 9.63
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Cells constructed from undoped nanoparticles were preliminarily optimized for
layer thicknesses and it was found that for TiO, layer, 500 nm and for NiO layer, 1
um are the optimum values. Cells with different stacking layers and configurations
were constructed and characterized. It is seen from Table 6.3 that addition of the
NiO layer instead of the MgO layer results in an enhancement in the efficiency of
the cells increasing the fill factor and current density values. The p-type
mesoporous layer has the ability to conduct holes efficiently leading to improved
charge collection and as a result a net increase in the current density is observed.
However, the TiO,-NiO interface is a direct recombination center for holes in the
NiO valence band and the electrons in the TiO; conduction band. Addition of a thin
MgO layer insulates the two charge collection layers and due to the suppressed
recombination, open circuit potential and the fill factor values are improved and
overall efficiency is enhanced for an n-i-p configuration cell for a 500 nm thick
MgO interlayer. Cells were constructed from the synthesized heavily doped
particles and performances were investigated in the same configuration. For
production of doped particle based cells, particles with highest conductivity were
employed, which are 2% yttrium doping for TiO, and 10% lithium doping for NiO.
It is seen that addition of the Y:TiO, layers greatly reduces the overall efficiency of
the devices compared to undoped TiO; particles. Apart from the reduction in open
circuit potential and fill factors, there is a strong decline in the photocurrent,
indicating that charge transfer between the perovskite layer and the TiO; electron
collector layer is severely inhibited. On the other hand, Li:NiO particles contribute
to overall cell efficiency greatly by means of improvement in the photocurrent
density and the fill factor, indicating that enhanced electrical conductivity of the
powders lead to improved charge collection efficiency and reduced internal
resistance. An efficiency of 9.63% for the best performing cell was achieved by

employing highly conductive Li:NiO nanoparticles in this work.

Origin of the reduction in efficiency values and detrimental effect of yttrium doping
on TiO; particles is a vital issue to be addressed for understanding the fundamental

parameters for construction of high efficiency solar cells. For this purpose UPS

188



measurements were conducted on the produced particles and effect of doping on the
electronic band structure was examined. Fermi levels (Ef) and energy difference of
the top of the valence band and the Fermi level (E+Evom) were extracted from the
cutoff energy and onset energy of the UPS specta, respectively, for undoped and

doped metal oxides as given in Figure 6.17.
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Intensity (a.u.)

17.41
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Binding Energy (eV) Binding Energy (eV)

a) b)

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

Binding Energy (eV) Binding Energy (eV)

c) d)

Figure 6.17 Onset (a) and cut-off (b) energies of TiO, nanoparticles and onset (c)

and cut-off (d) energies of NiO nanoparticles extracted from UPS measurements.

It is seen from Figure 6.17 that upon doping both Fermi energies, which determines
the work function of materials, and the difference with the valence band maximum
of both particles are modified. For Li:NiO particles, energy difference between the

Fermi level and the valence band maximum is increased by two folds upon doping
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as an expected situation taking into account the strong increase in the conductivity

of the Li:NiO particles. It is also interesting to note that undoped NiO nanoparticles

produced by the flame synthesis method shows considerable amount of conductivity

as well as the difference of the valence band maxima and Fermi level is smaller

compared to the particles produced by the precipitation method investigated in the

previous chapter. We relate this to the oxygen rich synthesis conditions of the flame

method which results in increased amount of Ni** ions and shows a doping effect

similar to the Li** ions. By adding the optical band gap values of TiO, and NiO to

the valence band positions obtained by UPS, position of conduction band minima

values are determined and the resulting band structures are depicted in Figure 6.18

together with the perovskite and the MgO layer.

! : MgO
TiO, Y:TiO,
-2.50
CH;NH;Pbl,
. -3.93
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439
-5.43
-7.68 -7.51
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NiO
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___________ Carbon
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Figure 6.18 Schematic representation of band structures of the particles produced in

this work extracted from UPS measurements, together with that of perovskite and

MgO layer.
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The deep lying valence band position and high conduction band minimum of MgO
layer ensures the blocking of holes and electrons to confine into the corresponding
layer. Valence band maximum of NiO layer is altered to more negative values. Li
doing also results in decreased work function which is close to the work function of
carbon and lower lying valence band position favor the hole transfer between each
layer which explains the enhanced charge transfer and increased photocurrent
extracted from the Li doped cells. For both doped and undoped NiO layers, hole
extraction from the perovskite layer is favorable and high conduction band maxima
efficiently blocks electron injection from the perovskite layer. However, for yttrium
doped TiO, particles a high degeneracy is observed and Fermi level lies above the
conduction band of the TiO, due to heavy doping. Calculated conduction band
minima of Y:TiO, particles at 3.80 eV is above the conduction band maxima of the
perovskite layer and this situation leads to unfavorable electron transfer from
perovskite crystals to the TiO, nanoparticles, which in turn suppresses charge
injection and causes high charge transfer resistance.

For further investigating the possible origin of reduced photocurrent in Y:TiO,
based cells and prove the above statements, electrochemical impedance analyses of
the cells were conducted for better insight to the charge transfer processes inside the
cells. For this purpose, best performing TiO,/MgO/Li:NiO configuration cell was
compared with the undoped cell with TiO,/MgO/NiO configuration and the Y:TiO,
based cell with Y:TiO,/MgO/Li:NiO configuration. In Figure 6.19, Nyquist plots of
a Li:NiO based cell measured under dark and illumination conditions and under
different bias voltages. In contrast to planar or mesoporus based cells, carbon based
devices yield three semi circles or arcs where the low frequency arc is related to the
ionic motion inside the cell because of the thickness of the carbon based cells
reaching above 2 micron values. The impedance responses of carbon based cells are
similar to solid state dye sensitized cells and possess four different features. A series
resistance including the overall resistance of the setup, a charge transfer resistance
and the capacitance at carbon electrode and the hole conductor appearing at high

frequency region, a recombination resistance and related capacitance between
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perovskite layer and TiO, layer appearing at intermediate frequency region and

ionic motion resistance and capacitence at low frequencies [26].
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Figure 6.19 Nyquist plots of the best performing cell in a TiO2/MgO/Li:NiO
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configuration recorded under dark and illumination for OV and 0.8 V applied bias.

It is seen from Figure 6.19a and b that upon illumination, semi circles are simply

reduced and are shifted to higher frequencies indicating that charge accumulation

occurs inside the cells. Under applied bias also, semi circles are reduced to lower

resistances and individual arcs become more apparent, while the arc related to ionic

motion at low frequencies is highly reduced because of the easier motion of the ions

under applied potential. For investigating the effect of Li doping on NiO particles,

Li:NiO and undoped NiO based cells were characterized under illumination.
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Figure 6.20 Nyquist plots of doped and undoped NiO cells (a), variation of charge

transfer resistance at the carbon electrode (b) and recombination resistance at

TiO,/perovskite interface (c), Nyquist plot of ytrrium doped TiO, based cell (d) and

the equivalent circuit used to fit the data.
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Figure 6.20 shows the Nyquist plot of doped and undoped NiO based cells at 0.8 V
bias and illumination conditions, together with the calculated charge transfer
resistance (Rct) at the carbon electrode and the recombination resistances at the
TiO2/perovskite interface (Rrec) of the cells for applied bias potentials up to open
circuit voltage of the cells. In Table 6.4, calculated values of the charge transfer
resistance and recombination resistances were tabulated with the error values in

parentheses.

Table 6.4 Charge transfer resistance (Rct) and recombination resistance (Rrec)

values of the NiO and Li:NiO based cells calculated from the impedance data.

NiO based cell Li:NiO based cell
Applied

Rias Rct Rrec Rct Rrec
oV 6250 (4.1%) 17456 (1.5%) 4012 (3.1%) 25043 (6.6%)
0.1V 6024 (3.7%) 18012 (1.4%) 3952 (8.9%) 24830 (6.2%)
0.2V 6157 (0.8%) 16589 (2.4%) 3647 (4.4%) 25101 (0.7%)
03V 6106 (4.3%) 17456 (9.5%) 3754 (0.3%) 24034 (0.4%)
04V 6198 (1.1%) 14879 (4.7%) 3814 (0.6%) 23580 (5.1%)
0.5V 5891 (12.2%) 13658 (4.0%) 3950 (7.1%) 24598 (1.1%)
0.6V 4578 (2.1%) 11032 (4.6%) 3709 (3.1%) 17891 (3.7%)
0.7V 4444 (0.3%) 5899 (11.1%) 3114 (3.3%) 12357 (6.1%)
08V 3578 (1.5%) 3511 (1.5%) 2617 (1.3%) 8501 (12.3%)
09V 983 (3.2%) 879 (2.2%) 839 (2.7%) 2689 (11.1%)

For all bias voltages, charge transfer resistance of the cells at carbon electrode are
lower for Li:NiO based cells. This resistance also includes the transport of holes in
the hole conducting medium and taking into account the fact that carbon layers are
identical for each cell, it is clear that lithium doping can efficiently enhance hole
transport and leads to better charge collection at the p-type layer which directly
influnces the photocurrent and the fill factors. This improvement is a result of both

increased conductivity of the powders and more favorable charge transfer between
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the carbon layer and the NiO layer upon lithium doping as indicated by the UPS
results. Enhanced charge collection at the p-type layer and efficient transport also
have a positive impact on the recombination dynamics at the TiO; electrode as
evidenced by the Figure 6.20c, where at all applied bias voltages, recombination
resistance of the Li:NiO based cells are higher than the NiO based cells. Faster hole
transport in turn prevents charge accumulation inside the cells and reduces the
chance of capturing a hole in the perovskite crystals by the TiO, layer. In order to
determine the factors underlying the poor performance of the cells, impedance
response of the Y:TiO, based cells were also recorded and as it can be seen from the
Figure 6.20d, a large inductive loop element is observed for such cells. Inductive
elements in perovskite solar cells are common and origin of the loop behavior and
negative capatitence is considered to be the charge accumulation inside the layer
due to poor interfacial charge transfer because of the lack of perovskite layer quality
or a strong contact between individual layers [27]. The negative capacitance arises
from sudden charge injection from the cell to the system that have accumulated at
the interfaces. Due to unfavorable and inhibited electron injection from the
perovskite layer to the Y:TiO, layer as shown by the UPS analysis, generated
electron hole pairs tend accumulate ate the perovskite crystals and the NiO layer
which then undergo recombination processes. The resulting poor fill factors and
strong decline in the photocurrent is related to recombination arising from charge
accumulation and insufficient interfacial charge transfer inside the cells as

evidenced by both UPS and impedance spectroscopy analyses.

6.4 Conclusions

In this work, flame synthesis method was successfully employed to synthesize yttria
doped TiO, and lithium doped NiO nanoparticles for carbon based perovskite solar
cell applications. XRD and SEM studies showed that pure TiO, and NiO
nanoparticles can be obtained using the novel methanol combustion method.
Lithium doping up to 20% has no observable effect on NiO powders; however yttria

doping in small amounts results in formation of rutile phase in the TiO, powders. It
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was shown that electrical properties of the powders can be enhanced via doping.
Chemical analyses of the powders showed that dopant atoms can be effectively
incorporated into the host lattice and they are responsible from the observed
enhancement in the conductivity of the powders. Electronic band structure study
showed that Fermi level and band alignment of the powders can be tuned via doping
and vyttria doped TiO, particles possess degenerate structure. Upon J-V
measurements of the cells constructed using the synthesized powders, it was seen
that, yttria doping greatly affects the performance of the TiO, layers, declining the
photocurrent values due to the high conduction band edge of the Y:TiO, powders.
In contrast, Li:NiO particles increases the charge colletion and transport properties
and by reducing the overall resistance of the cell, efficiency values were enhanced
compared to undoped NiO based cells. Best efficiency value of 9.63% in this work
was obtained in FTO/TiO,/MgO/L:NiO/Carbon configuration, proving that doping
is an effective way to improve charge collection efficiency in carbon based cells,
however amount of doping should be carefully adjusted without inhibiting the
electronic band alignment and charge transfer properties for attaining the highest

performance from these type of layers.
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CHAPTER 7

CONCLUSIONS AND SUGGESTIONS

Nickel(Il) oxide, NiO, is a popular stable wide band gap material, which attracts

extensive attention from the solar cell industry and investigations on applications in

perovskite based solar cells is still ongoing with promising results. It is the most

promising material for robust, highly stable and low-cost third generation solar

devices in the solar research society and huge progress have been achieved. It has

alreadily been demonstrated that thin-film NiO can be used as a transparent p-type

(semi) conducting layer in the perovskite solar cells effectively. In this study,

intrinsic and doped NiO nanoparticles and thin films were developed and applied as

the hole tranport medium in perovskite solar cells. For production of NiO, many

routes and methods were studied and summarized in the following.

In the experimental studies, in order to synthesize intrinsic and lithium
doped nickel oxide (Li:NiO) nanoparticles, firstly solvothermal method was
chosen. As a novel approach, a direct precipitation method was developed,
where decomposition of nickel precursor was conducted in absence of a
precipitating agent, only using solvothermal treatment. For deposition of
Li:NiO thin films, ultrasonic spray pyrolysis (USP) method was used. In this
part of the study, high surface area nickel oxide in nanosheet form were
synthesized and doped with lithium succesfully. Upon lithium doping, it was
observed that electrical conductivity of the powders can be extensively
enhanced compared to intrinsic nickel oxide. Resistivity value of the
undoped NiO is enhanced from several ohm.cm down to a minimum of 10

ohm.cm value for a Li/Ni atomic ratio of 0.2 in the starting solution. The
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hole mobility and carrier concentration values of this sample measured by
Hall effect studies are 5.1 cm®V™'s™ and 9.7x10" cm™. For the case of
sprayed films, lowest resistivity value was observed for the sample having
Li/Ni ratio of 0.6 in the starting solution with a resistivity value of 355
ohm.cm. Hole mobility and carrier concentration values are 12.4 cm?.V's?
and 1.6x1016 cm™,

Both lithium doped nickel oxide particles and thin films were produced by
ultrasonic technique. These films were grown on FTO substrates in order to
form a heterojunction and characterized. Particles were produced using a
tubular oven design and characterized by means of electrical and
morphological properties. Mixed halide (CH3NH3Pbls4Cly) based
perovskite solar devices were constructed in spiro-ometad containing and
hole conductor free carbon based monolithic configurations and
characterized. It was seen for high molarities particles tend to form large and
irregular shaped hollow spheres. By decreasing molarity of the solution,
regular spheres can be obtained and size of the particles can be reduced
down to 100 nm. I-V characteristic of the formed heterojunction for
Lio1Nig O films deposited on the FTO substrate clearly indicate the diode
behaviour of the heterojunction which shows the succesful formation of an
internal depletion layer and an electrical field for a device of 600 nm FTO
layer and 200 nm Li:NiO film. The hole conductor based device yields an
efficiency of 2.0%. Monolithic structure yields efficiency of 1.5%. Although
monolithic structure gives higher open circuit potential and current density
values than hole conductor based device, such cells suffer from low fill
factor value which may be attributed to high sheet resistance value of the

carbon based collector layer.
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Lithium doped nickel oxide thin films were produced by spin coating
technique. These films were grown on FTO substrates and bare glass
substrates. Mixed halide (CH3NH3Pbls.<Cly) based perovskite solar devices
were constructed in spiro-OMETAD containing and hole conductor free
configurations and characterized. It was seen that spiro-OMETAD based
cells show poor efficiency while hole conductor free approach yielded up to
4.35% efficiency. Blocking layer thickness dependent and mesoporous layer
thickness dependent studies showed that blocking layer thickness of 70 nm
and mesoporous layer thickness 400 nm gave the best efficiencies. For this
optimized conditions, two step perovskite deposition and adduct methods
were also tried and gave efficiencies up to 4.5%. Most obvious difference
between the cells was observed to be open circuit voltages where island like
non-continious nature of lead chloride based method decreases the open
circuit voltage. This situation can be explained by the short circuit formation
between electron transporting TiO, layer and gold back contact which was

not observed in two step and adduct methods.

Inverted type perovskite solar cells and conventional solar cells employing
nickel oxide nanoparticles were constructed and characterized. Inverted type
solar cells exhibited poor efficiency due to shorting problems and internal
charge injection problems. Cells made from NiO nanoparticles and CuSCN
in classical configuration were constructed. For this purpose NiO
nanoparticles were produced by fuel assisted polymerization tecnique
yielding nickel hydroxide nanoparticles which were converted to nickel
oxide after heat treatment. These particles were dispersed in isopropanol and
coated on mesostructured TiO, based perovskite layers by doctor blading.
From photoluminescence studies, it was seen that both CUSCN and NiO can
effectively extract charges from perovskite. From 1-V measurements, it was
seen that CuSCN devices perform better than NiO devices because CuSCN

layers can be deposited more homogeneously than NiO layers. In both cases,
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CuSCN and NiO can effectively improve device charateristics of the hole

conductor free devices by acting like a hole collecting layer.

Alcohol based NiO nanoparticle dispersion was prepared and used to deposit
hole conductor medium for a polymeric substance free perovskite solar cell
in mesoscopic n-i-p configuration. In contrast to conventional p-i-n
configuration or inverted type perovskite solar cells, nickel oxide layer was
spin coated directly on perovskite layer and the perovskite layer was
sandwiched between two metal oxides, TiO, and NiO, resulting in n-i-p
configuration. High surface area nickel oxide nanoparticles were
synthesized by precipitation and succesfully dispersed in isopropanol with
the aid of ball milling, which was confirmed to breakdown the aggragates
and stabilize the dispersion without the assistance of a stabilizing agent. This
strategy leads to deposition of nickel oxide nanoparticles on perovskite layer
without damaging the underneath layer and inhibiting the charge transfer
between individual nanoparticles, confirmed by scanning electron
microscopy, photoluminescence quenching and J-V measurements.
Ultraviolet photoelectron spectroscopy analysis showed excellent matching
of the band alignment of nickel oxide layers with that of perovskite. An
efficiency of 10.89% was achieved after optimizing the nickel oxide layer
thickness and comparative analysis of the cells with a hole conductor free
device using J-V measurements and electrochemical impedance
spectroscopy revealed that nickel oxide layer possess excellent electron
blocking ability and reduces the recombination rate, which also in turn
stabilizes the power output and hysteresis of the cells. This strategy is
believed to be applicible for other metal oxides employed in chrage selective

layers of perovskite and organic solar cells.
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Mesoporous carbon based perovskite solar cells have been attracting
alternative to thin film perovskite devices by means of low cost and ease of
production, reaching efficiencies up to 15%. High internal resistances due to
thick mesoporous layers employed is a major problem limiting the
performance of this technology. In this work, for the first time charge
selective mesoporous layers of TiO, and NiO were heavily doped for
enhanced electrical conductivity by a novel methanol combustion flame
synthesis method. Ytrrium doped TiO,, lithium doped NiO and intrinsic
MgO nanoparticles were succesfully produced by this method possessing
high surface area around 50 m?/g after heat treatment. XRD analyses
showed that addition of yttirum atoms into TiO, lattice promotes rutile
formation without any yttrium oxide phase where lithium addition up to
20% atomic ratio has no structural effect on NiO particles. Addition of
dopant atoms results in dramatic increase in the conductivity of powders
which were used to construct a conductive mesoporous network in
TiO,/MgO/NiO/C configuration. Although heavily doped Y:TiO, layers
inhibits charge transfer between perovskite layer, conductive Li:NiO layers
lead to enhanced efficiencies compared to undoped particles reaching 9.63%
efficiency values for optimized devices which is related to decreased
internal resistance and improved charge transport inside the mesoporous

network proven by the impedance analysis.

In this work, it has been shown that NiO nanoparticles can be effectively

employed as the hole transport medium in conventional n-i-p configuration

perovskite cells instead of the low stability polymeric counter parts. It was

observed that efficiency of the cells strongly depend on the thickness of the NiO

layer, so careful control of the deposition parameters is crucial for attaining the

highest efficiency from the cells. In addition, as seen from the impedance

spectroscopy results, remnant holes and nanoparticulate structure leads to small

hysteresis inside the cells and it is important to develop smaller particles sizes
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than 20 nm and deposit these particles homogeneously and hole free on the
perovskite layer without damaging the underlying layer, which will lead to
higher performance cells.

Effect of heavy doping of the metal oxide charge collecting layers in carbon
based solar cells was investigated and it was demonstrated that by increasing the
electrical conductivity of the powders, it is possible to enhance the charge
collection and efficiency of the devices is possible. However, as seen in the
yttrium doped TiO, nanoparticles, increased conductivity is not the only
parameter, but position of the conduction band and charge transfer effectiveness
between individual layers must be taken into account for succesful cell
operation. For future applications, amount of doping must be optimized for not
attaining the highest electrical conductivity, it must be tuned to have proper
band alignment with the perovskite layer. In addition, doping the TiO, lattice
with a trivalent cation like Nb*? instead of the pentavalent Y** can be a more
effective way for increasing the overall conductivity of the TiO, particles which
can lead to enhanced efficiency of the cells similar to the lithium doped NiO

nanoparticles as proven by this work.
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