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The presence of the conventional hygroscopic dopants in the hole-transporting material
(HTM) of perovskite solar cells (PSCs) is a major culprit of the mediocre stability of the
devices. In this work, an alternative dopant called F4-TCNQ was employed in the most
widely used HTM in PSCs, i.e. Spiro-OMeTAD. The impact on the efficiency and stability
of PSCs was studied when F4-TCNQ replace the conventional dopants of Spiro-OMeTAD.
This is the first time that F4-TCNQ is adopted in a mesoscopic n-i-p PSC structure. After
tuning the concentration of F4-TCNQ with respect to Spiro-OMeTAD (in the range of 1-6
mol%), it was concluded that 2 mol% of F4-TCNQ is the optimum concentration that can
lead to the highest power conversion efficiency of 14.3% and the most stable devices. The
new dopant-based devices have promisingly shown also enhanced stability compared to that
of conventional dopants-based cells after 112 days of storage in identical conditions. This
work provides significant hints to address one of the biggest challenges of PSCs technology.
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1.1

INTRODUCTION
Motivation

Global energy consumption is constantly growing, and the Energy Information
Administration has predicted an increase of 48% in electricity consumption by 2040 [1].
Today, more than two-thirds of the energy consumed is produced by conventional or nonrenewable energy sources, such as oil, gas, and coal [2]. Due to the severe pollution and
rapid climate change, affordable clean energy is urgently required. Solar energy is one of the
free sources of energy that is renewable, clean, and ubiquitous. In 1.2 hours, the sun provides
the earth with enough energy to meet the annual global demand [3]. Solar cells can harvest
solar radiation and convert it into electricity, therefore satisfying the ever-growing energy
demands of humankind.

Over the past several decades, solar cells relying on inorganic materials, such as silicon,
GaAs, CdTe, and copper indium gallium selenide (CIGS) have been intensively studied,
reaching high power conversion efficiencies (PCE) up to 29% in a single junction
architecture [4]. However, the highest efficiency for a commercially available solar cell
based on silicon in 2020 is just 22.7% [5]. In terms of solar cell development, materials and
manufacturing costs are equally important as the PCE. Hence, low-cost precursor materials
for solar cell fabrication, as well as the facile scalability of the devices, are paramount targets
when aiming at cost-effective electricity production.

Among the most recent thin-film photovoltaic (PV) technologies, halide perovskite solar
cells (PSCs) are particularly attractive because of their outstanding performance and the
inexpensive solution-processable fabrication. The PCE of hybrid organic-inorganic PSCs
has grown rapidly from an initial 3.8% in 2009 to the latest certified record of 25.2% in 2019
[4], making it the fastest developing PV technology to date [6]. Despite this remarkable
performance growth, a comprehensive understanding of the fundamental physics behind
PSCs instability is still lacking.

Halide perovskite-based technology is relatively young, so it is not yet commercialized due
to several issues, such as the presence of lead that is harmful to people and environment, the
5

difficulties with large-scale fabrication, and the long-term stability. A major problem with
PSCs is the degradation upon ambient air exposure and, more importantly, upon moisture
exposure [7]. Hence, it is imperative to clarify which parameters of PSCs change upon
moisture- and air-induced degradation to further increase the stability of the devices.

One of the important PSCs constituents is the hole transporting material (HTM), which plays
an important role in the stability of the device. In particular, HTM influence on efficiency
and air stability. In addition, HTMs also can be water-proofing [8] and protect the perovskite
layer from degradation.
1.2

Thesis Outline

This work aims to systematically study the influence of various dopants of the hole
transporting layer on the PSCs efficiency and long-term stability. The most commonly used

hole-transporting material in PSCs, 2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-

9,9'-spirobifluorene (Spiro-OMeTAD), requires the addition of hygroscopic dopants, i.e.
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI) and 4-tert-butylpyridine (tBP) to
enhance its low charge mobility and conductivity. However, the dopants are detrimental to
PSCs stability [9, 10].

Luo et al. have replaced the traditional Spiro-OMeTAD dopants (LiFTSI and tBP) with an
alternative dopant, 2,3,5,6-Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ). The
corresponding PSCs employing F4-TCNQ-doped Spiro-OMeTAD displayed enhanced
stability and reduced hysteresis behavior with respect to PSCs with Spiro-OMeTAD doped
with Li-TFSI and tBP [11].

In this Thesis, inspired by the work of Luo et al., we investigate n-i-p mesoscopic PSCs
structures with F4-TCNQ-doped Spiro-OMeTAD for the first time. We also compare these
devices with traditional architectures including Li-TFSI/tBP-doped Spiro-OMeTAD. We
have tuned the dopant F4-TCNQ concentration with respect to Spiro-OMeTAD (1‒6 mol%).

In the Thesis, we have employed various thin-film deposition methods to fabricate the
constituents of the solar cells. These methods include thermal evaporation, spray pyrolysis,
6

and spin-coating. Furthermore, the fabricated films and PV devices were thoroughly
analyzed through an extensive set of optical, morphological, and electrical characterizations.

Our results show that 2 mol% of F4-TCNQ is the optimum concentration that can lead to the
highest power conversion efficiency of 14.31% and the most stable devices. We have
monitored the PCE of the PSCs stored at room temperature in air with low (<10%) and
standard (40%) relative humidity over 112 days. To clarify the reasons for the degradation
of the fabricated solar cells, the morphology of the obtained layers was studied and the
hydrophobicity of the various HTM films was characterized.

7

2

THEORETICAL BACKGROUND

2.1

Solar energy

Solar energy reaches the earth from the sun in the form of electromagnetic radiation. Though
only a small part of Sun’s energy comes to the earth, this amount could easily satisfy the
energy needs of humanity. The power recoverable from solar energy is currently about 2370
TWh/year (y), which is 8.3% of the total electricity generation [12]. The total electricity
required by 30 countries in Europe in 2010 was 3530 TWh/y, which is expected to reach a
maximum of 4310 TWh/y in 2040 [12]. By 2040, the universally installed concentrated solar
power capacity will be approximately 715 GW, with an average capacity factor of 45%,
thereby providing 2790 TWh yearly [12].

Solar energy has already demonstrated tremendous potential as a key renewable energy
source. The benefits of solar energy can be listed as follows:
•

dependable source of energy that does not contribute to greenhouse gas emissions
(low-carbon technology);

•

ubiquitous, abundant, and environmentally friendly;

•

unlimited and free

•

virtually free from any kind of pollution (air, water, noise).

Figure 2.1 demonstrates the potential of solar energy compared to other energy sources.
However, about 75% of all energy consumed in 2009 came from non-renewable sources and
the remaining 25% was from renewable energy sources. Among this 25% of renewable
energy, only 1.2% came from photovoltaic systems [13].

Although photovoltaics (PVs) show a high promise to satisfy global energy consumption in
the future, there are still several drawbacks when solar energy is used as the main source of
energy. This is evident when we compare the unit costs among various energy sources (e.g.
hydroelectric power, biomass, wind energy) [14]. The cost per unit of PV equipment is quite
high compared to other sources. The main reason for the high cost is the low power
conversion efficiency.

8

Figure 2.1. Comparison of finite (Terawatt-years) and renewable (Terawatt-years per year)
energy resources on the planet. [13]

For each solar technology, it is important to estimate the so-called levelized cost of electricity
(LCOE), defined as follows:
𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =

𝐼𝐼𝑡𝑡 + 𝑀𝑀𝑡𝑡 + 𝐹𝐹𝑡𝑡
(1 + 𝑟𝑟)𝑡𝑡
𝐸𝐸𝑡𝑡
∑𝑛𝑛𝑡𝑡 1
(1 + 𝑟𝑟)𝑡𝑡

∑𝑛𝑛𝑡𝑡=1

(1)

where It is the investment expenses in the year t, Mt is the operating and maintenance
expenses in the year t, Ft is the fuel expenses in the year t, Et is the electricity production in
the year t, r is the discount rate, and n is the lifetime of the system.

The amount of energy obtained from a solar panel at a certain solar intensity depends on the
power conversion efficiency of the solar panel and its area. Solar panels with lower
efficiency will require a larger area to produce the same amount of energy. Moreover, the
amount of energy that can be extracted from a solar panel can be limited due to cloudy days
and shorter daytime in winter. Thus, energy storage systems become very important.
Therefore, energy storage and distribution should be highly efficient, so as not to get too
expensive electricity for the consumer.
9

Nevertheless, there is an encouraging trend for PV systems. The cost per unit of energy
decreases exponentially over the years as is shown in Figure 2.2. By keeping the same
development pace, PVs will be the cheapest energy source by 2030.

Figure 2.2. The exponential decline in the cost of solar power ($/MWh) over the
years. [15]
2.2 Physics of solar cells
2.2.1 Photovoltaic effect
The process of converting solar energy into electricity is called the photovoltaic effect. When
a semiconductor is illuminated by photons of equal or greater energy than the energy
bandgap (Eg) of a material, the photovoltaic effect occurs. For a semiconductor, the Eg is
defined as the energy difference between the top of the valence band and the bottom of the
conduction band. Upon excitation, electrons jump from the valence band to the conduction
band, and this what makes the material conductive.
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For organic semiconductors, the energy gap is also called the highest occupied molecular
orbital (HOMO)‒lowest unoccupied molecular orbital (LUMO) gap. It is presented as the
energy difference between the LUMO and the HOMO. The principle of operation is identical
to inorganic semiconductors: specific energy is required for the excitation of electrons from
the valance band/HOMO to the conduction band/LUMO. This energy gap is an intrinsic
property of the material.

Light is electromagnetic radiation consisting of photons, each with a certain energy,
depending on its wavelength. This is explicated in Planck’s equation:
𝐸𝐸 = ℎ𝑐𝑐𝑐𝑐

(2)

where E is the photon energy, h is the Planck constant (h = 6.626×10-34 J·s), c is the speed
of light, and λ is the photon wavelength.

When a photon is absorbed to excite electrons in the valence band/HOMO to the conduction
band/LUMO, holes are created in the valence band/HOMO. Further, instead of recombining,
the charge carriers can be scattered to the opposite electrodes by the built-in electric field.
The current is generated by the movement of the charge carriers and the voltage originates
from the Eg of material [16]. This is known as the “Becquerel effect”, first demonstrated by
Edmond Becquerel in 1839. However, in modern times, it is usually referred to as the
photovoltaic effect [16].
2.2.2

Light absorption

The main generation of charge carriers in a solar cell originates from the absorption of light.
Photons generate electron-hole pairs in the active layer. This process is unique for each
material. The number of absorbed photons affects the photocurrent in the solar cell. Electronhole pairs must be separated after the generation and then be delivered to contacts. Part of
the radiation entering the cell surface (E0) is reflected (ER) and penetrates the cell (E1). In
addition, part of the infiltrated radiation goes through the cell (E2). The variance between E1
and E2 represents the combined absorbed radiation in the cell (EAbs) [17, 18]. Figure 2.3
describes the absorption of photons in the solar cell.
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Figure 2.3. (a) The energy diagram of the absorption and (b) the schematic representation
of the radiation absorption in the solar cell. In the graph, the horizontal axis represents the
radiation energy and the vertical axis constitutes the penetration depth x. E0 is the energy of
overall radiation, ER is the energy of the radiation reflected from the surface of the solar
cell, E1 is the equivalent of radiation entering the cell, E2 is the equivalent of radiation
going through the solar cell, and d is the overall thickness of the solar cell [18].
The absorption efficiency ηAbs is calculated using the following equation:
𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴 =

𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴
𝐸𝐸0

=

𝐸𝐸1 −𝐸𝐸2
𝐸𝐸0

(3)

This is the correlation between the number of absorbed photons and the number of incident
photons attaining the surface of the solar cell. The absorption efficiency may get close to
100% if the amount of reflected radiation is negligible. It is possible to mitigate the
reflectance of the radiation, for example, by applying an antireflection layer atop the solar
cell [18].

The thickness of the solar cell affects the absorption. As we can see in Figure 2.3, when the
thickness (d) of the solar cell is equal to the penetration depth x, the number of remaining
photons is minimal. In addition, the absorptivity is also influenced by the wavelength of
photons. It is known that the small-energy photons (i.e. with long wavelengths) are absorbed
comparatively poorly [19] and a thick active layer would be required for an efficient solar
cell. For instance, a thick solar cell active layer of nearly 900 µm is required for a 1% loss
12

of photons with a wavelength of 1000 nm [18]. Thick layers are expensive to fabricate.
Furthermore, a thick PV layer induces phenomena of recombination of the charge carriers
due to the limited charge diffusion length. The distance of the optical path in the solar cell
can be doubled without increasing the device thickness by using an optical reflector in the
rear of the cell [18].
2.2.3

Solar cell efficiency

The typical current density-voltage (J–V) characteristics of a solar cell under illumination
are depicted in Figure 2.4. The bias at zero current density is called the open-circuit voltage
(VOC). The current density at zero bias is called the short-circuit current density (JSC). The
output power of a solar cell is determined by the product of J and V. The maximum power
point (MPP) is the point (JMPP, VMPP) on the J–V curve where the output power of the cell is
maximum. The squareness of the J–V curve is known as the fill factor (FF) that is defined
as
𝐹𝐹𝐹𝐹 =

𝐽𝐽𝑀𝑀𝑀𝑀𝑀𝑀 𝑉𝑉𝑀𝑀𝑀𝑀𝑀𝑀
.
𝐽𝐽𝑆𝑆𝑆𝑆 𝑉𝑉𝑂𝑂𝑂𝑂

(4)

Figure 2.4. Current density-voltage (J–V) characteristics of a solar cell under
illumination [20].

The power conversion efficiency (PCE) of the solar cell is the ratio of the maximum power
output (Pout = JMPPVMPP) to the power input (Pin). In terms of FF, the PCE is given by
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𝑃𝑃𝑃𝑃𝑃𝑃 =

𝐹𝐹𝐹𝐹𝐽𝐽𝑆𝑆𝑆𝑆 𝑉𝑉𝑂𝑂𝑂𝑂
𝑃𝑃𝑖𝑖𝑖𝑖

(5)

The power input is the total incident radiative power, which is proportional to light intensity.

The PCE of a solar cell is usually specified in standard test conditions [21]. These conditions
are:
1) the temperature of the solar cell itself is considered (and it should be 25°C), and not
the temperature of the environment;
2) solar irradiance, 100 mW/cm2, refers to the amount of incident light on a given area
at a given point in time;
3) air mass 1.5 or AM1.5, which is the solar irradiance distribution and refers to the
amount of light passing through a 1.5-atmosphere thickness, corresponding to a solar
zenith angle of 48.2°.

2.3

Conventional solar cells

An ordinary solar cell forms a so-called p–n junction. In practice, it is formed by diffusing a
p-type dopant into one side of an n-type semiconductor wafer or vice versa. Figure 2.5
demonstrates the operation scheme of a conventional semiconductor p-n junction. The figure
shows the bandgap (Eg), the conduction band (CB) and valence band (VB), in addition to the
open-circuit voltage (VOC), the elementary electric charge e, and the energy of the incident
photon hv [22]. The photogenerated electron-hole pair is divided by the electric field in the
depletion layer. The electron and hole diffuse from this layer under the acceleration triggered
by the electric field. In this case, the VOC is limited by the bandgap of the semiconductor,
and ‘e VOC’ is usually less than Eg [22].

The most commonly used semiconductor in solar cells is silicon. Compound semiconductors
are also used, for example cadmium telluride (CdTe) or copper indium gallium selenide
(CIGS).
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Figure 2.5. The operation scheme for a conventional solar cell [22].

2.3.1

Silicon solar cells

Conventional silicon-based solar cells are made through high-temperature processes of
manufacturing monocrystalline and polycrystalline silicon. These fabrication methods are
energy-intensive and expensive. Therefore, the search for alternative solar cells is focused
on thin films consisting of amorphous silicon as well as on other semiconductor
heterojunction cells, i.e. cadmium telluride and copper indium di-selenide. Such solar cells
can be obtained by low-cost and less energy-intensive methods.

The efficiency limits of silicon solar cells are estimated by assuming Lambertian light
trapping and neglecting the recombinations associated with defects. The limiting efficiency
is about 29%, so the key issue in optimizing the price-to-performance ratio of silicon solar
cells is the development of tandem solar cells, which potentially have a much higher
efficiency limit (~40%) [23].
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2.4
2.4.1

Halide perovskite solar cells
Hybrid perovskites

Gustav Rose first discovered perovskites in 1839 [24]. The term ‘perovskite’ refers to the
mineral form of CaTiO3 and gives the name to a class of compounds having an ABX3
stoichiometry, in which A and B are cations and X is an anion. Each unit cell of the ABX3
crystal consists of corner-sharing BX6 octahedra, with the A moiety occupying the
cuboctahedral cavity.

Perovskite materials were recognized as good semiconductors in the 1990s. The chemistry
of the organic and inorganic components of the perovskite can be adapted to adjust the
optical, electronic, magnetic, and mechanical properties of hybrid materials. Halide
perovskites used in solar cells are typically labeled ‘hybrid’ when they contain both organic
and inorganic components. The main difference between hybrid perovskites and the
perovskite mineral is that the organic-inorganic halide perovskites have semiconductor
properties when the anion X is a halide (I‾, Br‾, Cl‾) [24]. Hall measurements on samples of
three-dimensional perovskite CH3NH3SnI3 show that it is a metal with low-carrier
density [25].

Perovskite materials were not studied as light absorber materials in solar cells until 2009
[26]. The A moiety in hybrid perovskites is a monovalent organic (e.g. CH3NH3+ or
(NH2)2)CH+) or inorganic (e.g. Cs+, Rb+) cation. The B site is a divalent metal cation, i.e.
metal like lead (Pb) or tin (Sn) as Pb2+ or Sn2+. X is a halide anion, such as Cl‾, Br‾, or I‾.
Figure 2.6 shows the crystal structure of CH3NH3PbX3 perovskites [27].

Recently, more interest has been expressed in so-called mixed compositional perovskites.
They are consisting of partial or complete replacement of the A, B, and/or X-sites with
alternative elements of similar size [28, 29]. However, methylammonium lead tri-iodide
(CH3NH3PbI3) or MAPI is still the most extensively studied hybrid perovskite for use in
solar cells and other optoelectronic devices.

16

Figure 2.6. Crystal structure of CH3NH3PbX3 perovskites. The methylammonium ion
(CH3NH3+) occupies the cavity in the PbX6 octahedra [27].

The useful property of MAPI is the low bandgap (~1.5 eV), which allows absorbing more
light because photons with enough energy exist in the wider spectrum of light to excite
excitons. MAPI also has high charge carrier mobility (5-12 cm2/Vs for electrons and
2.5-10 cm2/Vs for holes [30]), which allows the created electrons and holes to pass through
the material without much resistance, as well as a large diffusion length (about hundreds of
nanometers to micrometers [31]) that reduces the chances for charge recombination.

As shown in Figure 2.7, MAPI has three structural phases: cubic above 330 K, tetragonal
from 160 to 330 K, and orthorhombic below 160 K [33]. The cavity in the inorganic cage
(PbI6) is much larger than the methylammonium cation (CH3NH3+ or MA+), which leads to
the orientational disorder of MA+ [34]. The MA+ sublattice is completely ordered in the lowtemperature orthorhombic phase [33]. The MA+ sublattice becomes more disordered with
increasing temperature [33]. Since MA+ has a constant dipole moment, this disorder causes
polarization [34]. It has been reported that polarization, which also originates from the
tetragonal PbI6 cage and due to displacement of Pb2+, is a possible source of ferroelectric
domains in MAPI [34]. Ferroelectricity is a property of a material having spontaneous
17

polarization, which can be changed by applying a large electric field. The awareness of the
ferroelectric behavior of such materials can be crucial for enhancing the performance and
stability of perovskite solar cells since ferroelectricity can influence on pairing and
separation of the photo-excited electrons and holes [34].

Figure 2.7. Comparison of perovskite phases of MAPbI3: (a) orthorhombic; (b) tetragonal
and (c) cubic. Top row: a-c-plane and bottom row: a-b-plane [32].
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2.4.2

Structure of perovskite solar cells

The two most common perovskite-based solar cell architectures are mesoscopic and planar
cell structures. In addition, PSCs can be fabricated in perovskite-sensitized solar cell (PSSC)
configurations, where perovskite plays the role of the sensitizer. In the PSSC structure, an
equivalent concept of dye-sensitized solar cells (DSSC) is utilized.

Highly efficient perovskite-based solar cells successfully include both small and large
perovskite grain structures. Mesoscopic architectures typically contain smaller grains, which
are limited by the pore size inside the nanoparticle scaffold. Planar solar cells are formed by
fast-crystallization methods, so they usually have relatively large grains [35]. Diffraction
patterns of layers obtained by fast-crystallization processes indicate that these relatively
large grains consist of single crystals [36].

In general, a PSC consists of a perovskite absorber layer sandwiched between two electrodes,
one of which is transparent to allow the incoming light to reach the photoactive layer. Often,
the surface of the perovskite is covered on both sides by selective charge transport materials,
namely the electron transport material (ETM) and the hole transport material (HTM), to
transport only one type of carrier (and block the other) to the respective electrode for efficient
charge extraction. The cell is named ‘p-i-n’ if it is illuminated from the p-side (HTM) and
‘n-i-p’ if illuminated from the n-side (ETM).

Figure 2.8 shows the operation scheme of a n-i-p perovskite solar cell. Photons from a light
source excite the perovskite layer through the transparent conductive substrate and ETM
layer, respectively. In the light-harvesting layer, i.e. the perovskite, the photon is absorbed
to generate an exciton. This occurs if the energy of the photons equals to or exceeds the
energy bandgap of the perovskite material. The generated exciton is split into free charge
carriers (e.g. electron and hole) by the internal potential that is created from the work
function difference between the top-electrode (typically a metal) and the transparent bottom
electrode. Holes are transferred to the HTM while electrons are injected into the ETM.
Consequently, the electrons are further transported to the transparent electrode, and the holes
diffuse to the metal electrode. Finally, the electrons go through the external wire, which links
the two electrodes, and the moving electrons create an electric current.
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Figure 2.8. The operation scheme of a n-i-p perovskite solar cell.

The perovskite layer absorbs light to generate charge carriers. These photo-generated
electrons and holes attract each other electrostatically, with binding energy (EB) required to
separate them into free carriers. For MAPI, EB has been estimated to be less than 5 meV at
room temperature [37]. Such EB value is much lower than the thermal energy at room
temperature (26 meV), thus the photovoltaic operation of the MAPI-based solar cells is due
to free-carriers rather than exciton ionization [37, 38]. Therefore, at room temperature, light
absorption in MAPI creates free electrons and holes. These free charges are then transported
towards the respective transport layers by electrically induced drift and diffusion. Charge
transport is directly related to the band structure of the material via their effective masses.
∗
The electron and hole effective masses (𝑚𝑚𝑒𝑒,ℎ
) are inversely proportional to the curvature of

∗
the conduction and valence bands respectively. For MAPI, 𝑚𝑚𝑒𝑒,ℎ
equals to (0.1‒0.15) m0,

where m0 is the free electron mass [37]. Such low values are possible due to the significant

spin-orbit coupling in MAPI, which is dominated by the presence of heavy Pb atom [39].

Charge carrier mobilities and diffusion coefficients, indicative of carrier transport efficiency
of the material, are inversely proportional to the carrier effective masses [40]. For MAPI,
20

diffusion coefficients and mobilities of 0.05‒0.2 cm2/s and 1‒30 cm2/Vs, respectively, have
been reported in polycrystalline films used in solar cells [41]. The efficiency of charge carrier
collection depends on the carrier lifetimes and the diffusion lengths. Under 1 Sun
illumination, poly-crystalline MAPI thin films, which are also the ones used in solar cells,
display long carrier lifetimes (100 ns to > 1 ms) and long diffusion lengths of 100 nm to > 1
µm. These measured diffusion lengths are several times longer than the absorption length,
supporting the efficient collection of charges [40, 41].

Besides charge generation and transport, recombination of charge carriers and ion migration
are fundamental physical processes that severely govern the operation of perovskite solar
cells. The understanding of the interplay between these processes is crucial for the
optimization of the performance and stability of perovskite solar cells. As for the abovementioned example of MAPI perovskite, while its good transport properties make it a
suitable light-harvesting candidate for solar cells, it has been proved that it contains a large
number of intrinsic defects (ionic in nature) with low formation energies [42]. These defects
can migrate, thus contributing to recombination losses inside the solar cells. Since charge
recombination reduces the number of charge carriers that contribute to the photocurrent, the
performance of the corresponding MAPI-containing PSCs is detrimentally affected. Hence,
a new generation of perovskite-based light harvesters has been recently developed to
overcome the intrinsic limitations of MAPI while keeping its key beneficial properties.

2.4.3

Development of hybrid perovskite solar cells

The first perovskite solar cell was registered in 2006 by Kojima et al. [43]. An efficiency of
2.2% was achieved by utilizing the CH3NH3PbBr3 material [43]. Later in 2009, by replacing
bromine with iodine, the solar cell PCE reached 3.8% [44]. This first PSC structure
replicated the architecture of a dye-sensitized solar cell, with the perovskite being here used
as the dye sensitizing the mesoporous TiO2 for visible-light absorption. Using an identical
architecture, Park et al. enhanced the PCE up to 6.5% employing surface treatments on the
TiO2 layer in 2011 [45].

Later, Park and co-workers introduced polymers or small organic molecules as the hole
transport material to substitute the liquid electrolytes while preventing their drawbacks. To
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enhance the stability of PSC, they fabricated the devices with mesoscopic TiO2 as an ETM
and Spiro-MeOTAD as an HTM, respectively. Such PSC structure with improved efficiency
of 9.7% was obtained in 2012 [46]. Snaith’s Group reported PSCs with Spiro-MeOTAD as
an HTM and Al2O3 as a scaffold layer on an ETM in the same year [47]. They showed that
the perovskite itself can transport electrons efficiently and thus the mesoporous n-type TiO2
layer is not compulsorily required. The device presented the highest PCE of 10.9%. This was
achieved by replacement of the mesoporous TiO2 layer with the insulating Al2O3. The Al2O3
acts as a “scaffold” upon which the perovskite is coated. In addition, Snaith and colleagues
demonstrated that better efficiency is possible using mixed-halide CH3NH3PbI3-xClx due to
the advanced charge transfer capability [47].

Later on, Seok et al. achieved an efficiency of 12.3% in 2013 [48]. They utilized the
composition of nanoporous TiO2 which was infiltrated by mixed-halide perovskite [48].
Higher efficiencies were then realized by some new perovskite deposition techniques such
as the two-step deposition [49] and vacuum co-evaporation [50], achieving efficiencies
above 15%. The efficiency of more than 15% was obtained by Burschka and co-workers
through the iodide deposition while utilizing a TiO2 scaffold [49]. Snaith’s group reproduced
similar results as obtained by the Burschka et al. with a planar configuration [50]. Thereafter,
the efficiencies of 16.2% by Snaith et al. [51] and 17.9% by Seok et al. [52] were recorded
in 2014. They employed the compact perovskite absorber of CH3NH3PbI3-xClx and a polytriarylamine as hole-transport material. Saliba et al. presented a PSC with an efficiency of
21.1% in 2016 [53]. He used a compound of so-called triple-cation (e.g. Cs/MA/FA) to
minimalize the loss of the non-radiative recombination in the perovskite layer. Their work
also demonstrated devices with high repeatability and stability [53]. This represents an
important milestone in perovskite research. Triple cation perovskite is currently the most
widely employed light-harvester in PSCs. In 2017, Seok’s group presented a technique to
decrease the amount of defects in the perovskite film by applying an intramolecular
exchange method [54]. This was beneficial for reducing the concentration of defects and
allowed to get an efficiency of 22.1% [54].

Then in 2019 Qi Jiang et al. reported the use of an organic halide salt phenethylammonium
iodide (PEAI) on HC(NH2)2-CH3NH3 mixed perovskite layers for surface defect passivation
[55]. They found out that PEAI can form on the surface of perovskite, reduce the defects,
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and prevent non-radiative recombination. As a result, planar perovskite solar cells with a
quasi-steady-state efficiency of 23.32% were obtained [55]. In the same year, Minjin Kim
and co-workers produced perovskite-based solar cells with a maximum efficiency of 24.02%
and certified as 23.48% [56]. They did this by investigating the effects of methylammonium
chloride (MACl) additive using analysis of photophysical properties and density functional
theory. At present, the certified record of PCE for a single-junction PSC has reached 25.2%
[4].

The field of perovskite solar cells is advancing rapidly, with newly engineered materials like
fully inorganic perovskites or lead-free hybrid perovskites, being used as light absorbers. In
the future, the rapid development of tandem solar cells is also expected, which is a special
case of multi-junction solar cells consisting of two different materials with significantly
different band gaps. Solar cell based on silicon and perovskite potentially has an efficiency
limit of about 40%.

2.4.4

Stability of perovskite solar cells

The two key parameters affecting the potential commercial use of PSCs are the device
performance (i.e. the PCE) and the long-term stability. Many studies have been focused on
improving the efficiency of PSCs by designing novel materials, introducing new fabrication
methods and device architectures. This has led to a skyrocketing boost in the PCE of PSCs,
as discussed in 2.4.3, with the latest certified record above 25% [4]. Nevertheless, the
reported high-performance PSCs suffer from mediocre stability, evidenced by the dramatic
drop in their efficiencies in time. Hence, it is urgent to improve the stability as well as the
reproducibility of PSCs, to make them suitable for commercialization. Degradation in PSCs
is influenced by many factors such as oxygen, humidity, temperature, and ultraviolet
radiation [57].

Due to the high sensitivity of CH3NH3PbI3 perovskite to water, Niu et al. have highlighted
the fundamental chemical reactions taking place in MAPI upon moisture exposure and
leading to the degradation of perovskite [57]:
𝐻𝐻2 𝑂𝑂

𝐶𝐶𝐻𝐻3 𝑁𝑁𝐻𝐻3 𝑃𝑃𝑃𝑃𝐼𝐼3 (𝑠𝑠) �� 𝑃𝑃𝑃𝑃𝐼𝐼2 (𝑠𝑠) + 𝐶𝐶𝐻𝐻3 𝑁𝑁𝐻𝐻3 𝐼𝐼(𝑎𝑎𝑎𝑎)
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(6)

𝐻𝐻2 𝑂𝑂

𝐶𝐶𝐻𝐻3 𝑁𝑁𝐻𝐻3 𝐼𝐼(𝑎𝑎𝑎𝑎) �� 𝐶𝐶𝐻𝐻3 𝑁𝑁𝐻𝐻2 (𝑎𝑎𝑎𝑎) + 𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎)
𝐻𝐻2 𝑂𝑂

4𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎) + 𝑂𝑂2 (𝑔𝑔) �� 2𝐼𝐼2 (𝑠𝑠) +2𝐻𝐻2 𝑂𝑂(𝑙𝑙)
𝑈𝑈𝑈𝑈

2𝐻𝐻𝐻𝐻(𝑎𝑎𝑎𝑎) �
� 𝐼𝐼2 (𝑠𝑠) +𝐻𝐻2 (𝑔𝑔)

(7)
(8)
(9)

Thus, the equilibrium of reaction (7) results in the co-existence of HI, CH3NH3I, and
CH3NH2 in the layer. HI can be decomposed by a single state oxidation-reduction reaction
(equation (8)) or by the photochemical reaction to H2 and I2 under UV radiation
(equation (9)). We can conclude that water, UV radiation, and oxygen highly influence on
degradation process. The strong instability of perovskites to H2O/O2 requires their optimal
processing in inert atmosphere, i.e. in a glovebox, as in Figure 2.9, filled with N2 or Ar [49,
50].

Figure 2.9. The N2-filled glovebox facility at the Red Labs, Tampere University.

It is known that a relative humidity of 55% degrades PSCs, resulting in a color modification
from dark purple to light brown, as it is demonstrated in Figure 2.10 [58]. To avoid this
effect and to improve stability, alumina silicate can be utilized as a shell of titania
nanoparticles [59]. With this alumina shield, it was demonstrated that CH3NH3PbBr3 is more
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resistant to moisture, and the light absorber based on CH3NH3Pb(I1−xBrx)3 led to PSCs with
high efficiency for 20 days when exposed to 55% humidity [60]. In addition, it was also
noted that the insertion of an antimony sulfide (Sb2S3) layer at the interface between the
perovskite layer and the mesoporous TiO2 enhances stability [61], which is explained by the
interruption of iodide couple at the perovskite-ETM junction [61].

Figure 2.10. On the left, there are photographs of the new and aged samples
(Silver/Perovskite/TiO2/FTO/glass) before (A) and after (B) the aging test at 55 °C and
50% humidity for 500 hours. On the right, there are cross-section scanning electron
microscope images of the same samples [58].

Temperature is second important factor influencing device stability. It is known that upon
heating at mild temperatures (around 55 °C), a phase transition would occur for CH3NH3PbI3
from tetragonal to cubic structure [62]. That is why it is also important to consider thermal
stability when designing new perovskites. The employment of polymers with single-walled
carbon nanotubes as HTMs can also improve thermal stability while also decelerating the
moisture sensitivity level of PSCs [63].
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2.4.5

Toxicity

Lead (Pb)-containing compounds are very harmful to the environment due to their toxicity
and also for the human being’s health if swallowed, inhaled, or mistreated. The risks to the
health and dangers of Pb-based perovskites are especially important because Pb of
perovskite structure is present as the carcinogenic PbI2 in polar solvents like water [64]. In
this way, research efforts on the development of lead-free perovskites are essential for the
practical utilization of perovskite solar cells. The tin (Sn) based perovskite, e.g. CH3NH3SnI3
[65] and CsSnI3 [66], are the most promising Pb-free perovskites, though their performance
remains modest (PCE around 10%) and their stability needs urgent enhancement.
2.4.6

Hysteresis effect

Slow transient effects in PSCs cause hysteresis in the J–V characteristics of the devices [64,
67]. This results in scan-direction dependent J–V curves. In other words, when changing the
direction (forward or reverse) and the rate of the J–V sweeps, an abnormal difference in the
J–V curves is observed. When characterizing PSCs, it is important to minimize the hysteresis
to avoid overestimation (or in some cases underestimation) of the device PCE.

It was found that hysteresis strongly depends on the size of the perovskite crystals and the
presence of a mesoporous TiO2 layer (m-TiO2) as ETM [68]. Large-size perovskites and the
introduction of m-TiO2 can significantly reduce the J–V hysteresis [68]. Additionally, by
reducing the scanning rate of the J–V sweeps, this anomalous behavior in PSCs can be
completely suppressed. Figure 2.11 shows the hysteresis in the J–V characterization of
perovskite-sensitized TiO2 and Al2O3 solar cells.
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Figure 2.11. The current−voltage hysteresis under the impact of PSC structure. From
short-circuit to forward bias (SC-FB) and from forward bias to short-circuit (FB-SC) J–V
curves of: (a) PSCs, with 260, 440 and 750 nm thick of mesoporous TiO2; (b) PSCs with a
400 nm thick mesoporous alumina layer. The table inserts give the performance parameters
of the extracted PSCs. For each thickness of mesoporous TiO2 in table insert (a), the first
row is FB-SC and the second row is SC-FB [67].

A large hysteresis effect was obtained for planar perovskite and Al2O3-based solar cells,
while PSCs with TiO2 displayed a quite insignificant effect as mentioned in [67].
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3

EXPERIMENTAL DETAILS

3.1

Device fabrication

In this work, PSCs are fabricated following the earlier report [69]. Figure 3.1 depicts the
layered structure of a typical perovskite solar cell. Next, the fabrication of each layer is
described in detail.

Figure 3.1. Metal halide perovskites solar cell structures: (a) planar heterojunction structure
and (b) mesoporous structure [70]. In this Thesis, the mesoporous structure was employed.

Fluorine-doped Tin Oxide (FTO) and Indium Tin Oxide (ITO) substrates are used as
transparent bottom electrodes for regular (n−i−p) and inverted (p−i−n) architectures,
respectively [71]. In this study, FTO substrates are mainly adopted.
3.1.1

FTO chemical etching

FTO glass substrates (2 cm × 2 cm) are wet chemically etched with 2M HCl aqueous solution
and zinc powder. At first, the solution HCl with 1 part of HCl (37 wt%) and 4 parts of H2O
is prepared. Subsequently, adhesive tape is placed onto the FTO glass substrate to mask an
area of the substrate that we want to protect from etching. The FTO glass substrates are then
placed in a Petri dish and coated with zinc powder and the as-prepared 2M HCl solution is
finally poured on the substrates. After waiting for 30 seconds, a small soft brush is used to
firmly wipe the etched area of the substrate. When the etched area is thoroughly wiped, we
can add an excess of sodium bicarbonate powder to neutralize the acidic solution and stop
the etching. Finally, after removing the tape and the substrates from the Petri dish, a thorough
cleaning with soap and a careful rinse

with deionized water is carried out. FTOs are dried
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under nitrogen flow, and the resistance between the etched and unetched FTO areas is
checked by multimeter prior use. Resistance should be higher than 1 MΩ.
3.1.2

Substrate cleaning

Cleaning the FTO substrates is the first crucial stage that can significantly affect the final
performance of the PSCs. Hence, it should be scrupulously conducted. The etched FTO
substrates are carefully cleaned using the following procedure:
•

upon brushing, they were placed in an ultrasonic bath with an aqueous solution of
Mucasol detergent (2%);

•

Rinsed with deionized water;

•

Ultrasonic bath in acetone and 2-propanol for 15 min in each step;

•

Rinsed with isopropanol and then quickly dried with strong nitrogen- or air-flow.

To remove organic residuals and increase hydrophilicity, the substrates are treated with UVozone for 15 min.

The substrates are best used immediately after cleaning. It has been observed that drying the
surface between the cleaning steps can lead to unwanted stripes on the surface. The glass
substrate should look perfect and spotless. It is recommended to use cleaning solvents of
electronic or extra pure quality [71].
3.1.3

Compact TiO2 (c-TiO2) layer

After cleaning, the FTO substrates are taken to a hot surface and heated to 450 °C during 30
minutes. Then the substrates are kept for 10 minutes at 450 °C.

The c-TiO2 layer is deposited by aerosol spray pyrolysis, as shown in Figure 3.2. The sprayed
mixture consists of 0.8 mL acetylacetone and of 1.2 mL titanium diisopropoxide
bis(acetylacetonate) in 18 mL of ethanol [71]. This amount is enough to cover an FTO
substrate area of approximately 9×9 cm2. At first, the acetylacetone is added to the ethanol
and, after that, the diisopropoxide bis(acetylacetonate) is also included. The acetylacetone
enhances the solubility of the diisopropoxide bis(acetylacetonate). Before spraying, this
solution is mixed up for a minute. As a transporting gas, pure oxygen is used [71].
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Figure 3.2. Schematic view of the spray pyrolysis installation. The nozzle of a spray gun is
at a distance H = 14 cm with an inclination α of 40º. These parameters can be optionally
varied to achieve a more uniform spray flow.

The coating includes 10 spray cycles with 30-second pause after each spray before a 60 min
sintering at 450 ºC [70]. It is an essential point that the hot surface should have a uniform
temperature throughout the substrate. In addition, the aerosol flow has to be homogeneous
and should consist of tiny droplets. It is reported that the diisopropoxide bis(acetylacetonate)
can decompose if stored improperly, for instance, at low temperatures in an inert atmosphere
[71].

After spraying, the FTO glasses cool down slowly to room temperature. The samples are not
taken from the hot surface until the temperature is below 150 °C. Substrates with TiO2
compact layers could be kept for several weeks in a dry cabinet before application of the
subsequent solar cell layer, i.e. the mesoporous TiO2 film [71].
3.1.4

TiO2 mesoporous layer

The mesoporous TiO2 suspension is prepared by an overnight stirring of a 1 mL ethanol with
150 mg 30NRD TiO2 nanoparticle paste (from Greatcell Solar). After spin-coating at 4000
rpm for 10 s on top of FTO/c-TiO2 substrates, the films are first dried at 100 °C for 10 min.
Then FTO/c-TO2/m-TiO2 substrates are calcinated at 450 °C for 30 min in air. Finally, the
substrates are cooled down to 150 °C and directly transferred into the glovebox for the
perovskite layer deposition.
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3.1.5

Perovskite layer

In this Thesis, the perovskite layer is obtained by a so-called one-step deposition method
(Figure 3.3). The precursor solution is coated and then converted to a perovskite film by
heating. A variation of this process is the “anti-solvent” method. It is done by dropping the
precursor solution in a polar solvent on the substrate and then quenching by a non-polar
solvent during the spin coating. To achieve optimum performance, accurate timing of the
quench and volumes of quenching solvents are necessary [72].

Figure 3.3. The one-step perovskite coating process [72].

In this work, we have focused on the popular perovskite containing a mixture of Cs,
formamidinium (FA), and methylammonium (MA) cations, i.e. the so-called FAMACs
perovskite. The perovskite precursor contains 0.95M formamidinium iodide (FAI), 1.1M
lead(II) iodide (PbI2), 0.19M Methylammonium Bromide (MABr), 0.2M Lead(II) bromide
(PbBr2) and 0.06M Cesium Iodide (CsI) in Dimethylformamide (DMF):Dimethyl Sulfoxide
(DMSO) solvent (4:1 volume ratio). 50 μl solution is spin-coated onto the FTO/c-TiO2/mTiO2 substrate at 1000 rpm for 10 s, directly followed by 6000 rpm for 20 s. As an antisolving treatment, 100 μl of chlorobenzene is dropped 5 seconds before the end of the
spinning. Finally, the perovskite layer is annealed at 110 °C for 1 hour.

As shown in Figure 3.4., the thickness of the obtained perovskite layer is about 500 nm [73].
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Figure 3.4. Cross-section of a typical FAMACs perovskite thin film [73].
3.1.6

Spiro-OMeTAD layer with different dopants

The doped Spiro-OMeTAD layer is spin-coated on top of the perovskite layer at 200 rpm
for 1.8 s and 1800 rpm for 30 s. The spin-coating Spiro-OMeTAD solution (29.5 mM) is
prepared by adding 100 mg of Spiro-OMeTAD to 2.766 ml chlorobenzene. To solubilize the
material well, it is stirred at 60°C for a few minutes.

Various films with different dopants are prepared for comparison. For the reference samples,
39.8 μl of tBP, 24.2 μl of Li-TFSI, and 40.1 μl of FK209 are added to the Spiro-OMeTAD
solution. The stock solutions of Li-TFSI and FK209 are prepared with 520 mg/ml and 300
mg/ml concentrations in acetonitrile, respectively.

For the new dopant F4-TCNQ, the stock solution of F4-TCNQ is prepared with a
concentration of 25 mg/ml in acetonitrile, and then the desired amounts of F4-TCNQ stock
solution are added into 1 ml of as-prepared Spiro-OMeTAD solution to achieve a
concentration range of 1-6 mol% F4-TCNQ vs. Spiro-OMeTAD.
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After Spiro-MeOTAD film deposition, the substrates (FTO/c-TiO2/m-TiO2/SpiroMeOTAD) are transferred to a cabinet filled with dry air (RH <10%) and left for overnight
doping. This process is called Spiro-MeOTAD oxidation. It is done to increase hole
conductivity in such HTM by decreasing the presence of water in the material.
3.1.7

Metal contact

The last fabrication step is a top-electrode metallic contact. A gold electrode of
approximately 100 nm thick is thermally evaporated atop the Spiro-OMeTAD film. The
evaporation is carried out in a high vacuum (P~ 5×10-5 mbar).

3.2
3.2.1

Characterization
J–V measurement

The perovskite solar cells are characterized in air without encapsulating the devices. The
active region of each cell is defined by the size of the aperture (20 mm2) and confirmed with
an optical Dino-Lite AM4113ZTL microscope. The J‒V characteristics are mainly measured
on the next day after the gold evaporation. The J‒V curves are recorded with a Keithley 4250
source-monitor unit, under air mass (AM) 1.5 simulated solar radiation (100 mW/cm2
irradiance). The light source is calibrated using a silicon reference solar cell (Oriel
Instruments).

Figure 3.5 shows a typical solar cell ready for the characterization, i.e. placed in a position
that ensures an illumination from the solar simulator with a 1000 W/m2 intensity. This
position is calibrated with the reference cell. The cell is fixed by a wooden clip and two clips
are attached to the contact regions of the solar cell, thus connecting it to a source-monitor
unit. In the beginning, the solar cells are scanned in dark and under illumination in the
forward and reverse direction. The voltage scan rate for all the J‒V curves presented in this
Thesis is 20 mV/s and no device preconditioning is applied. When choosing the scan rate,
attention is paid to avoid overestimations, by following reported procedures [74].
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Figure 3.5. The setup for the J‒V characterization of the solar cells.

3.2.2

Photoluminescence (PL) spectra

The steady-state photoluminescence (PL) spectra are measured by using the Pico Quant
Fluotime 300 with a 600 nm excitation light. By matching the amplitude of the PL spectra
of pure perovskite film before and after HTM deposition, the quenching efficiency, i.e. the
hole injection yield, can be calculated.
3.2.3

Absorption spectra

The steady-state absorption spectra are measured by a Shimadzu UV-2501PC
spectrophotometer. This represents a simple yet effective way to investigate the quality and
thickness of the stack layers, for example, of perovskite deposition on the mesoporous TiO2
layer [75]. Figure 3.6 shows the ultraviolet-visible spectra measured of the TiO2/PbI2 films
before and after conversion to perovskite.
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Figure 3.6. The absorption spectra of TiO2/PbI2 and TiO2/CH3NH3PbI3 electrodes at
various spin-rates of PbI2 deposition [75].
3.2.4

Atomic force microscopy (AFM)

AFM is a high-resolution microscopy technique for the examination and characterization of
materials at nanometer-to-micrometer scale. It is utilized to identify atoms at the surface and
to evaluate the interactions between a particular atom and its neighboring atoms. AFM is a
measurement technique that uses the probe at the end of a cantilever. The investigated area
is analyzed by change of the amount of laser light reflected into a photodiode. The cantilever
height is then adjusted to restore the response signal. This results in a measured cantilever
displacement tracking the surface.

AFM images of Spiro-OMeTAD films with different dopants and doping concentrations are
acquired by Park XE-100 (Park Systems, USA) AFM in non-contact mode (in air) with a
topographic area of 1 μm × 1 μm (image resolution 512 × 512). The analysis of AFM images
is conducted by XEI image processing software (Park Systems).
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3.2.5

Water contact angle (CA) measurement

At the interface between a liquid and solid surface, we define the contact angle (CA) as the
angle between the two surfaces. Measuring the CA is one of the most common approaches
to verify the wettability of a material or surface. Wetting provides crucial hints on the ability
of liquids to form boundary surfaces with solid states or on how a liquid deposited on a solid
or liquid substrate spreads out. For PSCs, the water CA of HTMs can provide important
evidence for their hydrophobicity, which in turn allows protecting the perovskite layer
against moisture.
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4

RESULTS AND DISCUSSION

4.1

Chemical structure of the new dopant

The influence of the HTM dopants on the device performance and stability is studied on the
most widely adopted HTM in PSCs, i.e. Spiro-MeOTAD [9-11]. Luo et al. have reported the
use of 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) as a dopant for
Spiro-OMeTAD (Figure 4.1), to replace the conventional Li-TFSI and tBP dopants [11].
Enhanced stability of the corresponding p-i-n PSCs, together with a reduced hysteresis
behavior, was demonstrated when F4-TCNQ doped Spiro-OMeTAD instead of Li-TFSI and
tBP.

Figure 4.1. Molecular structures of (a) Spiro- MeOTAD and (b) F4-TCNQ.

4.2
4.2.1

Optical properties
Absorption spectra

In this Thesis, the concentration of F4-TCNQ (vs. Spiro-OMeTAD concentration) was
adjusted in the range of 1–6 mol%. However, to study the optical properties of fabricated
devices, we select samples with 1, 1.5, and 2 mol% F4-TCNQ. These PSCs have better
performance in comparison with other F4-TCNQ concentrations, as will be demonstrated
later in 4.3.
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Figure 4.2 shows the steady-state absorption spectra of our PSCs (structure:
FTO/c-TiO2/m-TiO2/perovskite/Spiro-MeOTAD/Au) with the only difference between the
samples being the type and/or concentration of dopants for Spiro-OMeTAD. In our standard
devices, herein also termed “reference”, we dope Spiro-OMeTAD with the ubiquitous
LiTFSI, tBP, and FK209 (cobalt-based additive). We also report the data of a reference
device not including FK209 (i.e. including only LiTFSI and tBP) to compare the effect of
F4-TCNQ in our n-i-p structures with that reported for p-i-n devices [71].

Abs.
4.5
ref. spiro (all dopants)
ref. spiro (no FK209)
ref. spiro (no dopants)
1% F4-TCNQ
1.5% F4-TCNQ
2% F4-TCNQ

4
3.5
3
2.5
2
1.5
1
0.5

λ, nm

0
-0.5

300

400

500

600

700

800

900

Figure 4.2. Absorption spectra of the PSCs with identical structure, except the dopants in
the Spiro-OMeTAD layer. The green curve, for the sample reference (ref.) spiro all
dopants, is the absorption spectrum of the PSC with three conventional dopants (i.e. LiTFSI, tBP, and FK209) for Spiro-OMeTAD; the blue curve corresponds to the sample with
two dopants Li-TFSI, tBP and without FK209; the purple curve is for the sample with
undoped Spiro-OMeTAD layer; the orange curve is the absorption spectrum of the PSC
with 1% F4-TCNQ additive in Spiro-OMeTAD; the red curve is for the sample with 1.5%
F4-TCNQ dopant in Spiro-OMeTAD, and the yellow curve for the PSC with 2%
F4-TCNQ in Spiro-OMeTAD. The percentage (%) means the amount of F4-TCNQ moles
with respect to Spiro-OMeTAD that were dissolved in a mixture of chlorobenzene and
Spiro-OMeTAD.
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From an earlier study [71], the perovskite layer thickness is estimated to be 500 nm and
HTM thickness is about 200-300 nm. The spectral shape, with a shoulder at about 750 nm,
is in agreement with earlier reports [70]. As we can see from Figure 4.2, there is not much
difference between the absorption spectra of different perovskite solar cells upon dopant
engineering for the HTM (Spiro-OMeTAD) layer.

4.2.2

Photoluminescence (PL) quenching measurement

To investigate the hole extraction process at the perovskite/HTM interface, the
photoluminescence (PL) quenching experiments have been carried out, as presented in
Figure 4.3. Interestingly, the steady-state PL of perovskite is significantly quenched upon
the deposition of the Spiro-OMeTAD HTM atop the perovskite, independently from the
selected dopant or mixture of dopants. This indicates that the holes can be effectively
injected from the VB of the perovskite layer to the HOMO level of Spiro-OMeTAD.

Figure 4.3. Photoluminescence spectra of pristine perovskite film on glass and
glass/perovskite/Spiro-OMeTAD films with different dopants, excited at 600 nm.
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By comparing the amplitude of the PL spectra with and without HTM (perovskite only), the
quenching efficiency, i.e. hole injection yield, can be calculated and it is summarized in
Table 4.1. All the samples (perovskite/Spiro-OMeTAD structure) show high hole injection
yields (>98%). This suggests that the yield is not affected by the selected dopant(s) and also
F4-TCNQ can facilitate very efficient hole extraction kinetics while achieving high charge
separation efficiency.
Table 4.1. PL quenching efficiency vs. dopant engineering of Spiro-OMeTAD HTM.

4.3

Spiro-OMeTAD dopants

Quenching efficiency (%)

none

98.6

Li-TFSI and tBP

98.7

Li-TFSI, tBP, and FK209

99.9

1.0% F4-TCNQ

99.2

1.5% F4-TCNQ

99.4

2.0% F4-TCNQ

99.7

PSCs performance vs. dopant concentration

Figure 4.4 shows the comparison of the J–V curves of PSCs with different concentrations of
F4-TCNQ dopant and conventional dopants in Spiro-OMeTAD, respectively. We have
tuned the concentration of F4-TCNQ (vs. Spiro-OMeTAD concentration) in the range of 1–
6 mol%.

The performance of all the investigated PV structures has been summarized in Table 4.2.
Compared to the reference Spiro-OMeTAD cells, F4-TCNQ-doped Spiro-OMeTAD devices
display significantly lower JSC and FF, while VOC is similar. Concentration 1.5‒2 mol% F4TCNQ in Spiro-OMeTAD seems the most promising in terms of the overall device PCE.
Therefore, we have selected these samples to monitor the stability of solar cells over time.

40

Jsc, mA/cm2
25

6% F4-TCNQ
4% F4-TCNQ
3% F4-TCNQ
2% F4-TCNQ
1.5% F4-TCNQ
1% F4-TCNQ
Spiro ref.

20
15
10
5
0
-0.2

-5

0

0.2

0.4

0.6

0.8

1

1.2

-10
-15
-20
-25
Voltage, V
Figure 4.4. J–V curves of PSCs with a variable F4-TCNQ dopant concentration (1, 1.5, 2,
3, 4 and 6 mol%) in Spiro-OMeTAD layer, together with the standard PSC structure in
which Spiro-OMeTAD is doped with LiTFSI, tBP, and FK 209 (‘Spiro ref.’ sample). All
the presented curves are from the J–V scans swept in the reverse direction with a scan rate
of 20 mV/s.

Table 4.2. Summary of the performance of champion PSCs with variable dopant
concentration.a
JSC (mA/cm2)

VOC (V)

FF

PCE (%)

22.8

1.05

0.68

16.2

21.2

0.98

0.53

11.1

F4-TCNQ (1.5%)

22.0

1.01

0.57

12.7

F4-TCNQ (2.0%)

22.3

1.01

0.56

12.6

F4-TCNQ (3.0%)

21.3

1.01

0.51

11.0

F4-TCNQ (4.0%)

20.7

1.01

0.44

9.2

F4-TCNQ (6.0%)

19.6

0.96

0.36

6.8

Conventional
dopants
F4-TCNQ (1.0%)

a

All data were measured on the same day when the gold electrode was evaporated.
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The relative effect of the different dopants and concentrations can be indeed evaluated.

Figure 4.5 shows the J–V curves for the best cells with F4TCNQ-doped and traditionallydoped Spiro-OMeTAD upon the forward and reverse scans, to identify the potential effect
of the different dopants on hysteresis. In our experiments, we have not detected the expected
decreasing of hysteresis for the F4TCNQ-based devices compared to the reference. This is
not consistent with the reference paper [11]. One possible reason is that the hysteresis is
quite big for the Spiro-OMeTAD-based structure investigated in the reference paper, while
our reference Spiro-OMeTAD cells already display modest hysteresis.

Jsc, mA/cm2
25

Reverse Spiro ref.
Forward Spiro ref.
Reverse 1.5% F4-TCNQ
Forward 1.5% F4-TCNQ
Reverse 2% F4-TCNQ
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20
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5
0
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-25
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Voltage, V

Figure 4.5. J–V curves of PSCs with the F4-TCNQ concentrations of 1.5 and 2 mol% vs.
Spiro-OMeTAD and normal doped Spiro-OMeTAD, upon the forward and reverse scans,
respectively.

4.4

Morphology study

In order to understand the poorer performance of F4-TCNQ-doped Spiro-OMeTAD-based
PSCs compared to the conventionally doped case, the morphology of their thin films
obtained on perovskite-coated glass

substrates has been studied by atomic force
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microscopy (AFM), as it is demonstrated in Figure 4.6. The surface root mean square (RMS)
roughness values (in Table 4.3) for all F4-TCNQ (1 and 1.5% concentration) doped films
indicate that these were even smoother than conventionally doped Spiro-OMeTAD samples.
Usually smooth surfaces provide better interfacial charge transfer kinetics related to the
electron-hole separation. Materials with smoother surface display better performance.
However, in this case the smoother surface apparently, does not result in a better
performance for the devices employing the new dopant. This suggests that the charge
recombination can be the issue for the new dopant-based devices, potentially because of the
lower hole mobility of F4-TCNQ-doped Spiro-OMeTAD compared to that of conventionally
doped Spiro-OMeTAD films. However, we could not verify this experimentally because we
do not have the needed facilities to measure the hole mobilities.

Figure 4.6. 3D AFM images of doped Spiro-OMeTAD coated perovskite films: the
dopants were (a) Li-TFSI and tBP, (b) Li-TFSI, tBP and FK209, (c) 1.0% F4-TCNQ, and
(d) 1.5% F4-TCNQ.
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Table 4.3. Root mean square (RMS) roughness of perovskite films coated with differently
doped Spiro-OMeTAD.
RMS Roughness (nm)

4.5

Li-TFSI and tBP

3.7

Li-TFSI, tBP, and FK209

2.9

1.0% F4-TCNQ

2.6

1.5% F4-TCNQ

1.5

Stability study

The stability of PSCs has been evaluated by recording periodic J–V reverse scans (in
Figure 4.7) of the champion cells with 1.5 and 2 mol% F4TCNQ as well as of the reference
devices employing Spiro-OMeTAD with the conventional Li-TFSI, tBP, and FK209
dopants.
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(c)
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Figure 4.7. J–V curves recorded over time for PSCs with (a) conventionally-doped SpiroOMeTAD as a reference, (b) 1.5 and (c) 2 mol% F4-TCNQ doped Spiro-OMeTAD. All
data were from the reverse scans with a scan rate of 20 mV/s.
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Figure 4.8. The trend of (a) Jsc, (b) Voc, (c) FF, and (d) PCE for the PSCs with F4-TCNQ
dopant and conventional dopants in Spiro-OMeTAD, monitored over 112 days.

The performance parameters of the measured cells over time have been extracted and they
are presented in Figure 4.8. VOC and FF gradually increase for the F4TCNQ cells, while FF
shows a dramatic decrease only for the reference Spiro-OMeTAD sample. JSC does not
significantly change in average for all the samples. Consequently, during 98 days of storage
in a dry cabinet (RH < 10%), the PCE of the PSC with 1.5 and 2 mol% F4TCNQ has shown
a remarkable increase and remains stable even on day 112. On the other hand, the sample
including the reference Spiro-OMeTAD has slightly decreased its performance already after
32 days of storage (Table 4.2).

To determine the error of PCE measurements, we have calculated the average values of PSCs
efficiencies and compared them to the highest and lowest efficiencies. The average error
does not exceed 8%, as it is shown in Figure 4.8 (d).
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Table 4.4. Summary of the PCEs of the PSCs over a period of 112 days.
PCE (%)
Day 1

Day 3

Day 13

Day 20

Day 25

Day 32

Day 54

Conventional
dopants

16.2

17.7

17.3

17.6

17.4

17.9

16.8

F4-TCNQ (1.5%)

12.7

10.8

11.2

11.9

12.5

12.0

13.3

F4-TCNQ (2.0%)

12.6

11.4

12.3

12.5

12.6

12.5

13.0

PCE (%)
Day 60

Day 67

Day 74

Day 81

Day 84

Day 91

Day 98

Conventional
dopants

16.8

16.5

16.4

16.4

14.3

16.5

15.9

F4-TCNQ (1.5%)

14.0

13.7

13.9

14.3

13.2

13.8

14.3

F4-TCNQ (2.0%)

13.9

13.4

13.6

13.8

13.4

13.1

14.3

PCE (%)
Day 105

Day 112

Conventional
dopants

14.2

15.0

F4-TCNQ (1.5%)

13.5

13.3

F4-TCNQ (2.0%)

13.7

13.4

It is interesting to observe an initial PCE increase for the reference Spiro-OMeTAD devices.
This phenomenon has been reported for the PSCs with an inverted p-i-n structure [71], but
it is not common for the devices with n-i-p structure like in this case. In general, the physical
processes underlying this spontaneous enhancement of PCE have not yet been explained. It
has been reported that such a PCE increase is not limited to specific charge transport
materials, since it occurs for different ETMs and does not depend on the presence of doped
Spiro-MeOTAD during the storage time [76]. With varying degrees of enhancement, the
effect also occurs for various compositions of multi-cation-halide perovskite [76]. It has been
suggested that the spontaneous enhancement can be caused by the reduction of strain in the
perovskite thin films and simultaneously with the disappearance of trap states slightly below
the bandgap [76].
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Both 1.5% and 2.0% F4-TCNQ doped Spiro-OMeTAD-based devices show the slower
degradation compared to the case of conventionally doped (e.g. Li-TFSI, tBP, and FK209)
Spiro-OMeTAD-based devices under the same storage condition. To determine the reasons
for the variance in degradation between conventional dopants and F4-TCNQ, the water
contact angles on the perovskite/HTM films were measured (Figure 4.9). The contact angle
values are 65.8º, 86.5º, 84.8º for three conventional doped, 1.5% F4-TCNQ and 2.0% F4TCNQ doped Spiro-OMeTAD, respectively (see Table 4.5). These results indicate that the
new dopant is more suitable to obtain a hydrophobic Spiro-OMeTAD surface compared to
the conventional dopants, resulting in higher moisture resistance, which extends the lifetime
of PSCs.

Figure 4.9. Water contact angles (CA) of perovskite films with differently doped SpiroOMeTAD layers on the top: (a) undoped, (b) Li-TFSI and tBP, (c) Li-TFSI, tBP, and
FK209, (d) 1.0% F4-TCNQ, (e) 1.5% F4-TCNQ, and (f) 2.0% F4-TCNQ.

Table 4.5. Summary of water contact angles (CA) of perovskite films coated with differently
doped Spiro-OMeTAD layers.
No Doping
Li-TFSI and tBP
Li-TFSI, tBP and FK209
1.0% F4-TCNQ
1.5% F4-TCNQ
2.0% F4-TCNQ

CA left (°)
90.7
77.9
65.9
83.0
86.2
84.6
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CA right (°)
88.6
76.1
65.6
82.7
86.8
85.0

CA mean (°)
89.6
77.0
65.8
82.8
86.5
84.8

5

CONCLUSIONS

In this work, we have tuned the doping of a conventional HTM (Spiro-OMeTAD) for
perovskite solar cells and studied its impact on the device performance and lifetime. We
have adopted the method of vacuum thermal deposition, spray pyrolysis, and spin-coating
methods for the fabrication of the different constituents of the solar cells.

In this study, PSCs with various dopants for Spiro-OMeTAD hole transport layer were
produced to show their impact on the performance of solar cells. It was proved that F4TCNQ can be used as an alternative dopant for Spiro-OMeTAD HTM. Based on the obtained
results, we can conclude that 2 mol% of F4-TCNQ is the optimum concentration of new
dopant vs. Spiro-OMeTAD, leading to the highest PCEs (as high as 14.3%) and most stable
devices. The new dopant-based devices have promisingly shown enhanced stability
compared to that of conventional dopants-based cells after 112 days under the same storage
condition (RH<10%), providing a significant hint for the potential commercialization of
perovskite solar cells. However, the PSCs with F4-TCNQ dopant have not shown a
significantly reduced hysteresis effect compared to that of cells containing reference SpiroOMeTAD (with conventional dopants). Finally, we have stored the devices partially in dry
air (RH<10%) and partially in ambient conditions (RH ~50%). We have noted a similar
performance and stability trend for the devices stored in more or less humid environments.

In the future, it would be interesting to investigate what exactly leads to the degradation of
perovskite solar cells under constant sunlight illumination, because this seems to be one of
the biggest obstacles to their commercialization. Furthermore, the search for alternative
materials for the various constituents of PSCs should be intensified, to boost device
performance even further and maximize their stability.
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