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ABSTRACT

Perovskite solar cells (PSCs) have become one of the most promising and exciting photovoltaic technology
due to their simplicity in fabrication, amazing optoelectronic properties of the perovskites, and high-power
conversion efficiency. Perovskites possess extraordinary optoelectronic properties such as high carrier mobil-
ity, long diffusion length, long charge carrier lifetime, high absorption coefficient and tunable bandgap. The
electron transport layer (ETL) in PSCs plays a significant role in the charge carrier dynamicsand photovoltaic
characteristics of devices. In this study, Ethylenediaminetetraacetic acid (EDTA)-complexed SnO:2 (E-SnOz2)
was effectively prepared by using a simple, ambient-conditioned, low temperature chemical synthesis tech-
nique and used as an ETL for PSCs to increase the device efficiency and long-term stability. Different con-
centration-based E-SnO2 solution was prepared by mixing EDTA solution with various concentrations of SnO2
aqueous solutions to optimize the best concentration for high efficiency PSCs. It has been observed that EDTA
can improve the properties of the perovskite layer by increasing the grain size, crystallinity, and surface po-
tential, facilitating the carrier transport from the perovskite to HTL. After EDTA treatment, lead iodide (Pbl>2)
was also appeared across the GBs and surfaces of the perovskite film which has been utilized to passivate the
defects at perovskite film surfaces. According to the literature, the Fermi level of E-SnO: is better matched
with the conduction band of perovskite resulting in a higher open-circuit voltage (Voc). An enhancement of
Voc ~ 200 mV mainly causes for the efficiency improvement from 13.20 % to 15.51 % for the best E-SnO:
(7.5%) based solar cell. The utilization of the complex ETL technique demonstrates the significant potential
of E-SnO2 as an ETL in regulating the perovskite layer and hence, enhancing the stability and efficiency of
PSCs.
Keywords: Perovskite solar cell, Electron transport layer, SnO2, E-SnO, lead iodide
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RESUMO

As células solares de perovskite (PSCs) tornaram-se uma das tecnologias fotovoltaicas mais promissoras e
interessantes devido a sua simplicidade de fabrico, incriveis propriedades optoelectrénicas e alta eficiéncia de
conversdo de energia. As perovskites possuem propriedades optoelectrénicas extraordinarias, como alta mo-
bilidade de portadores, longo comprimento de difusdo, longa vida atil do portador de carga, alto coeficiente
de absorcdo e bandgap ajustavel. A camada de transportadora de eletrdes (ETL) em PSCs desempenha um
papel significativo nadinamica do portador de carga e nas caracteristicas fotovoltaicas dos dispositivos. Neste
estudo, &cido etilenodiaminotetracético (EDTA) complexado com SnO2 (E-SnO3) foi efetivamente preparado
usando umatécnicade sintese quimicasimples, condicionada ao ambiente e de baixa temperaturae foi usado
como um ETL para PSCs para aumentar a eficiéncia do dispositivo e estabilidade a longo prazo. Diferentes
concentracdes de solugdes de E-SnO2 foram preparadas misturando solucdo de EDTA com vérias concentra-
¢Oes de solugdes aquosas de SnO2 para otimizar a melhor concentracéo para PSCs de alta eficiéncia. Foi ob-
servado que o EDTA pode melhorar as propriedades da camada de perovskite, aumentando o tamanho do gréo,
a cristalinidade e o potencial de superficie, facilitando o transporte de portadores da perovskite para o HTL.
Apos o tratamento com EDTA, iodeto de chumbo (Pbl2) também apareceu nos GBs e nas superficies do filme
de perovskite, o qual foi utilizado para passivar os defeitos nas superficies do filme de perovskite. De acordo
com a literatura, o nivel de Fermi de E-SnOz2combina melhor com a banda de conducéo da perovskite, resul-
tando em uma maior tens&o de circuito aberto (Voc). Um aumento de Voc ~ 200 mV causa principalmente a
melhoria da eficiéncia de 13.20% para 15.51% para a melhor célula solar baseada em E-SnO2 (7.5%). A utili-
zacdo da técnicacomplexa de ETL demonstra o potencial significativo do E-SnO2 como ETL naregulacdo da
camada de perovskite e, portanto, no aumento da estabilidade e eficiéncia das PSCs.

Palavas chave: Células solares de perovskite, camada transportadora de eletrdes, SnO2, E-SnOz, io-
deto de chumbo
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INTRODUCTION

The annual energy consumption and the number of environmental and health problems related to the use of
fossil fuels are both rising as a result of the rapid increase in the global population [1]. These problems sparked
people's attentionto new clean and renewable energy sources [2]. In recent years, Photovoltaic (PV) technol-
ogies have been the most studied alternative to fossil fuels and the most practical solution for the long-term
sustainability of the human species. Nowadays, Silicon solar cells are the most used and developed type of
solar cells, but, due to their complicated and costly manufacturing process and low theoretical limit of power
conversion efficiency (PCE) of 33%, new PV technologies are coming on the scene as an alternative [3].

Photovoltaic technologies can be divided into three generations. The first generation based by crystalline
silicon-based cells that can be polycrystalline or monocrystalline. Despite being first generation, these types
of solar cells still represent around 95% of PV market. The second generation is based on thin film solar cells
which are cheaper to produce than the silicon solar cells. The second generation of solar cells uses thin film
materials like amorphous silicon, CIS, CIGS and CdTe [4]. The third generation, also known as emerging
photovoltaics, is the semiconducting-based solution-processed solar cells which includes organic photovolta-
ics (OPVs), copper zinc tin sulfide (CZTS), dye-sensitized solar cells (DSSCs), quantum dot solar cells, and
perovskite solar cells (PSCs) [5].

PSCs have drawn a lot of interest due to its exceptional optical properties, inexpensive material compo-
nentsand easily developed by low temperature synthesis technique. The potential of PSCs in the field of pho-
tovoltaics is demonstrated by the significant increase in power conversion efficiency (PCE) from 3.8% to over
26% within past few years, as shown in Figure 1, achieved by using different composition of perovskites as
an absorber and interface engineering in solar cells [6]. Despite these properties, PSCs need improvements
related to its stability, upscaling, and better choice of materials to become viable for commercialization [7].
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Figure 1 - Adapted plot of the evolution of the best recorded efficiency of all types of solar cell technologies with the emerging pho-
tovoltaic technologies highlighted in red [8].

1.1 Perovskite

1.1.1 Crystal structure of perovskites

Perovskites have been known since 1839, when Gustav Rose found them for the first time in the Russian Ural
Mountains [9]. The term perovskite came from a calcium titanium oxide mineral (CaTiOs) and nowadays is
used to describe the cubic crystal structure of the ionic compound ABX3s [10]. Since its discovery, new deriv-
atives of perovskites structure have been developed and studied but they don’t see much use in solar cells due
to its still low PCE [11].

In the general formula of perovskites ABXs shown in Figure 2, where "A" is a larger size cation that
occupies the corners of the cubic structure, "B™ is a smaller metal cation that occupiesthe center of the unitary
cell and X represents the small halide anion that resides in the center of the faces of the unitary cell [12]. For
the organic cation in position "A" is normally used methylammonium (CHsNHsz* or MA) or formamidinium
(NH2CH=NH:* or FA), for the B metal cation is used a divalent metal cation such as Sn2*, Pb2* and Ge?*, and
for the X halogen is normally used CI-, Br-and I- [13].
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Figure 2 -ABXj structure of a cubic perovskite [14].

The formation and stability of the perovskite can be determined the Goldschmidt's formulawhich allows
to calculate the tolerance factor (t) through the atomic radii,

2
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R, + Ry

\/Z(RB + RX)

where Ra, Rs and Rx are the ionic radii of theions A, B and X ions, respectively. Generally, a 3D perovskite
structure can be formed in the range of 0.8<t<1.1. These 3D structures can be deformed if 0.8<t<0.9 or they
can be cubic if 0.9<t<1 [15]. Another parameter used to calculate the formability and stability of the perovskite
structures is the octahedral factor () that is used to predict if the cation on the B site fits into the Xs octahedral
structure. The octahedral factor can be expressed as:

H= Ry
To achieve a stable perovskite structure, the octahedral factor value should be between 0.442 and 0.895
[16].

1.1.2 Perovskite properties

In the last few years, organic inorganic lead halide PSCs commonly methylammonium lead iodide (MAPbDI3)
PSCs have attracted more attention due to their most promising PCE. The high PCE of PSCs originates from
their correlative inherent material properties such as perfect band gap of halide perovskites, high threshold
absorption cross section, defect tolerant feature, long carrier diffusion length, low exciton binding energy
etc.[17]-[19] . These remarkable properties associated with economical solution processability make them ex-
cellent candidates for the next-generation photovoltaic solar cells technologies [20]. The high absorption of
this material makes the use of a thinner absorber layer possible and consequently the carries will haveto travel
smaller distances before theyare collected and therefore, reducing the non-radiative recombination [21]. De-
spite the attractive potentials of the lead halide PSCs, challenges are yet remaining in their approach for sub-
stantial commercial applications. The first issue is the very short-term device stability especially when the
issue is exposed to heat and humidity [22]. The second and main issue is the presence of heavy metal like
“Lead (Pb)” in these perovskite materials. The toxicity of lead is one of the key challenges that must be over-
come [23].

1.2 Architecture of Perovskite Solar Cells

The basic planar structure of PSCs usually consist five main layers which are the transparent conductive oxide
(TCO) deposited over a glass substrate, an n-type layer called electron transport layer (ETL) that serves to
facilitate the transport of electron photogenerated by the light absorbed by the perovskite, the perovskite ab-
sorber layer or intrinsic layer responsible for absorbing light and producing current, an p-type layer called hole
transport layer (HTL) which serves to conduct the holes photogenerated in the perovskite, and the metal elec-
trode [24].

In terms of architecture, PSCs can be classified as mesoscopic type if they possess a thick mesoporous
metal oxide material or as planar type if they have a compact layer as an ETL, as shown in Figure 3 (a). The
planar type PSCs can be sub classified into "standard architecture"” (negative-intrinsic-positive, NIP-type) and
"inverted architecture" (positive-intrinsic-negative, PIN-type). This subclassification of the PSCs depends on
the deposition of the sequence of the layers [25].
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The standard n-i-p configuration consists of a substrate coated with a transparent conducting oxide
(TCO) where the ETL is deposited first followed by the perovskite, then the HTL and finally the deposition of
the metallic top electrode as shown in Figure 3 (b). Figure 3 (c) shows the inverted p-i-n configuration that
starts with TCO where the HTL is deposited, then the perovskite, followed by the ETL and lastly the metal
electrode on top. Both configurations have their advantages and disadvantages, and the choice of configuration
will determine the applications and the efficiency of the cell. The n-i-p configuration is more used since it
allows a more flexible choice of materials, reduced hysteresis, better charge extraction and can be made by
easy processing technique [26].

a) b) c)

Metal Anode Metal Anode
HTL HTL

Perovskite layer .
¢ 00, 0 00900
Seglol Lo Der e

ero e laye Perovskite layer

(&
ETL ETL HTL
Transparent Anode

-

Figure 3 - Device structure of a) mesoscopic, b) n-i-p planar, ¢) p-i-n planar perovskite solar cell. Adapted from [27].

1.3 Electron Transport layer

ETL is a wide bandgap n-type semiconductor that hasa big impact on the charge carriers dynamics and pho-
tovoltaic performance of the PSCs. A good optical transmittance of ETL ensures that enough light enters the
perovskite absorber, a well-matched energy level with the perovskite materials provides the desired open-
circuit voltage (Voc), and a high electron mobility effectively removes carriers from the active layer to prevent
charge recombination, among other fundamental requirements [24]. It is the layer that is in between the per-
ovskite layer and the transparent conducting electrode layer [27]. This layer is used to extract the electrons
from the photogenerated electron-hole pairs and transport them to the conducting electrode [28], which sup-
press recombination [29].

Titanium dioxide (TiOz) is the most widely used ETL in PSCs because thisETL tend to have the highest
efficiencies in PSCs [27]. However, TiOz suffers from low electron mobility (around 10-5 cm2. V -1 .s71) [30],
a high density of surface defects and high temperature deposition process [31].

Zinc oxide (ZnO) is another probable ETL that has a considerable potential to be the replacement of
TiO2. This material has some advantages such as low-temperature processing, high bulk electron mobility
(between 205 and 300 cm2. V -1 ;s'1) and high conductivity. However, it possesses a massive drawback being
the fact that it can easily react with the perovskite film when the annealing temperature is above 100 °C which
affects the long-term stability of the solar cell [32]. To attain its full potential, the material must be exposed to
UV-light with the same energy as the ZnO bandgap [33].
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1.3.1 SnO;

SnOzis also a preferable promising candidate as an ETL for highly efficient PSCs compared to the more
conventional TiO2 because of its low temperature processing technique, higher transmittance, larger bandgap
(3.6-4.5 eV), superior optical and electrical properties, better band alignment with perovskite, and exceptional
stability in the presence of moisture, heat, and light with negligible photoactivity [34]. The lower conduction
band, higher carrier mobility (240 cm?2/(V.s)) and high conductivity causes a reduction in nonradiative recom-
bination [35]. The fact is that SnO2 has a wide bandgap together with a refractive index <2 which makes SnO:
coatings deposited on glass have a high transmittance of approximately 89%, allowing light to pass through
and be absorbed by the perovskite layer. It also has a very high UV stability because it doesn’t absorb much
UV light due to its wide bandgap [36]. SnOz2 has high chemical stability due to being less hygroscopic [37]
and can be processed at low temperature using simple processes like sol-gel making it viable for large scale
commercialization [38].

1.3.2 Why E-Sn0,?

Even though SnO:z currently possesses amazing qualities, researchers are always exploring for ways to enhance
its performance as an ETL. Some of these methods are doping, treatments involving surface passivation, use
of two layers with different ETL materials and the use of nanocomposites [31].

Ethylene diamine tetraacetic acid (EDTA) is a substituted diamine. It is a strong chelating agent for
metal oxides and a very stable molecule. [39]. This molecule can be complexed with SnO2 forming E-SnOa.
Theoretically, E-SnO2 has some advantages over SnOz, for example, it reduces hysteresis due to the removal
of the charge that is usually present between the perovskite/ETL interface, it has higher electron mobility and
promotes the growth quality of the perovskite film due toan increase in its grain size [40]. E-SnO2 hasa higher
Fermi level which is better matched with the conduction band of the MAPDIs film which leads to an increase
in Voc. In the present work, E-SnO2 is made using a simple low-temperature method and then usedasan ETL
in PSCs.
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MATERIALS AND METHODS

2.1 Device Fabrication

This chapter describes the step-by-step development procedures for PSCs. The production process starts with
the substrate preparation which was indium-doped tin oxide (ITO), followed by the ETL, active layer and HTL
deposition via spin-coating technique and gold contact deposition via thermal evaporation. All the depositions
were performed outside the glove box, in ambient atmosphere with an average value of humidity of 30 %.

2.1.1 Substrate preparation

The unetched ITO coated glass substrates were cut into squares with dimensions of 2.5 x 2.5 cm?2 and then
cleaned in an ultrasonic bath. The cleaning process was done with water and detergent, followed by deionized
water, acetone, and isopropanol in the respective order. All the baths were performed at a temperature of 60°C
and for 15 minutes each. The substates were dried using an air blow gun and then 3 mm of Kapton tape was
set on one side of the substrate to cover the ITO substrate to take one contact from ITO substrate. At last, the
substrates were exposed to a 15-minute UV-ozone treatmentat 60 °C to eliminate moisture and any remaining
residues.

2.1.2 ETL, absorber layer and HTL deposition

For the ETL deposition on the ITO substrate, two different spin-coating techniques were used for two different
ETLs. For the SnO: layer deposition, 200 uL of aqueous transparent solution of SnO2 was spin-coated at 4000
rpm for 30 s followed by a heat treatmentat 150 °C for 15 min and then annealed at 180 °C for 60 min using
a hot plate. For the E-SnOz2 layer deposition, 200 pL of solution was spin-coated at 5000 rpm for 60 s and then
dried for 30 min at 60 °C in a vacuum oven to remove the solvent [40].

Before perovskite deposition, ETL-coated substrates were subjected to a UV-ozone treatment for 15
minutes at 150 ° C. For perovskite solution, at first, Pbl2 (215 mg) were dissolved in a mixture of DMF and
DMSO at 75°C and then MAI (622 mg) was added in this mixture and followed by constant stirring for 24 hrs.
The perovskite solution was deposited via spin coating and the amount of perovskite solution was 100 uL for
each sample. The deposition of chlorobenzene serves to help starting the crystallization process and remove
the solvent from the perovskite. After annealing, 40 pL of HTL solution was deposited using spin coating
technique at 4000 rpm for 30 s. The Spiro-MeOTAD solution was prepared by dissolving 54.2 mg of Spiro-
MeOTAD in 0.75 ml of chlorobenzene. The LiTFSI stock solution (520 mg of LiTFSI in 1 ml of acetonitrile)
and 21.37 pl of 4-tBP were also added to the solution as additives. For the top electrodes’ deposition, gold
contacts were deposited using an electron-beam evaporation under high vacuum.
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2.1.3 Evaporation of electrode

The samples were placed in a masked holder for the substrates to only get evaporated metal on the wanted
surface area that was 2x5 mm2 and then placed in the electron beam evaporator. The evaporation metal was
gold (Au). One pellet of Au resulted in approximately 80 nm thick layer.

2.2 Characterization

2.2.1 Structural and micro-structural characterization.

X-ray Diffraction (XRD). The characterization of the crystal structures of the ETLs and Perovskite layers
was done by XRD using a PANalytical X Pert Pro X-ray diffractometer in Bragg-Brentano geometry, with a
monochromatic Cu-Ka (A=1.5406 A) radiation source.

Scanning electron microscopy (SEM). The morphological characterizations of the ETLs and the perovskite
layers were done with the help of SEM analysis (Carl Zeiss AURIGA Cross Beam workstation). Cross-sec-
tional images of the solar cells were obtained using 30 kV Ga* ions at 20 pA and a standard ET type secondary
electron detector.

Atomic Force Microscopy (AFM). The surface of the films was characterized using MFP-3D Infinity atomic
force microscope from Oxford Instruments Asylum Research (Santa Barbara, CA).

KPFM was used to measure the surface potential. KPFM was performed using Olympus AC240TM probes in
an Asylum Research MFP-3D standalone system with the following parameters: 2 N/m spring constant, 70
kHz resonant frequency, and 3 VV AC tip voltage in double pass mode.

2.2.2 Optical Characterizations

UV-VIS-NIR spectrophotometry. UV-VIS-NIR spectrophotometer (Shimadzu UV 3101PC with an ISR-260
integrating sphere in a wavelength range of 400-840 nm) is used to observe the absorption and transmission
spectra of the samples.

Photoluminescence (PL) spectra was obtained using a high-resolution spectrometer (Horiba Jobin Yvon,
Model: iHR 320) together with a photomultiplier tube.

2.2.3 X-ray photoelectron spectroscopy (XPS)

XPS measurements were performed usingan AXIS Supra+ spectrometer by Kratos Analytical with 300 W X-
ray power and monochromatic Al K « radiation where a pass energy is 40 eV.

2.2.4 Electrical characterization

The forward bias current density-voltage (J-V) tests were carried out using a workstation (Sciencetech
SS1.6kW-A-2-Q system with Keithley source meter: Model 2400) under AM1.5 G (1 sun conditions, 100
mW.cm-2). External quantum efficiency (EQE) measurement was carried out by a Xenon lamp (Newport)
attached to a monochromator (Newport).
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RESULTS AND DISCUSSION

The main objective of thiswork is to explore the benefits of modifying the SnO2 ETL by complexing it with
EDTA and analyze which concentration of SnO2/E-SnO: is optimal for device fabrication. All the solutions
were prepared and deposited in ambient conditions, outside the glove box. The best results for each concen-
tration are reported in this chapter.

Preparation of ETL solutions

In order to study the concentration-dependent effects of the SnOz and E-SnOz, the ETL solutions were pre-
pared, characterized, and developed their corresponding devices. In the present thesis, | have mentioned dif-
ferent percentage based SnOzand E-SnO2 ETLS like SnO2/E-SnO2 (15%), SnO2/E-SnO2 (10%) and so on. The
SnO2 solution with a particular percentage was prepared by diluting the commercial 15% SnO:2 colloidal dis-
persion from Alfa Aesar with deionized water until the perfect concentration desired. The corresponding E-
SnO2 solution was obtained by mixing that particular concentration of SnO2 solution with EDTA solution in a
1:1 volume ratio. Table 1 shows the information summary about the concentration of the prepared solutions.

Table 1 — SnO, and E-SnO, solution preparation with different concentrations.

ETL Concentration Sn02 Deionized H20 EDTA
15 wt% 1mL - -
10 wt% 1mL 0.5mL -
SnO>
7.5 wt% 1mL 1mL -
2.5 wt% 1mL 5mL -
15 wt% 1mL - 1mL
10 wt% 1mL 0.5mL 1.5mL
E-SnO2
7.5 wt% 1mL 1mL 2mL
2.5 wt% 1mL 5mL 6 mL
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Figure 4 - a) Diagram of the energy levels of the layers of the PSCs [40]. b) Schematic diagram of the produced solar cells. ¢) Cross-
sectional SEM image of the fabricated solar cell.

3.1 For SnO2 and E-SnO; (15%) based ETL

3.1.1 Electrical Characterization of the solar cells

PSCs with 15% concentration of SnO2 and E-SnO2 based ETLs were fabricated by applying step-by-step
experimental techniques which is already described in chapter 2.1. Figure 5 (a-d) shows the box chart of the
best performing solar cells parameters for this particular concentration. The devices based on E-SnO2 ETL
have an higher average Voc and also higher Jsc value than the control sample. Obviously, the efficiency for
E-SnO:2 based cells are also higher than the only SnO2 based PSCs. Among them the parameters for the best
solar cell are described below.
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Figure 5 - (a) Voc, (b) Jsc, (c) FF and (d) PCE distributions of PSCs with SnO, (15%) and E-SnO, (15%) based ETLs.
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3.1.2 J-V curve for best solar cell

Figure 6 (a) shows the J-V curve for the best performing cell for 15% SnO2 and E-SnO2 based ETLs. The best
device for SnO2 based ETL shows PCE of 13.39% with the value of Jsc=22.63 mA/cm?2, Voc=0.85 V and
FF=69.25. On the other hand, the E-SnO2 ETL based device shows a PCE of 15.47% with the value of
Jsc=21.58 mA/cm2, Vo=0.96 V and FF=74.36. Figure 6 (b) shows the EQE spectra for the corresponding cells.
From the EQE spectra, the Jsc value can be obtained through the following equation:

Jse = Qi o (2) « EQE(A) * dA 1)

where ¢ is the elementary charge, @ is the photon flux and EQE is the external quantum efficiency at wave-
length, A [41]. The value obtained for Jsc from the EQE spectra was 20.89 mA/cm2for the device with SnO:

and 20.56 mA/cm2 for the device with E-SnOa2.
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Figure 6 — a) J-V curves of the best performing devices based on SnO, (15%) and E-SnO, (15%) ETLs. b) EQE spectra for those
PSCs.

3.1.3 ETL characterization

3.1.3.1 Optical Characterization

UV-Vis spectrophotometry was used to analyze the optical properties of the different ETL layers. Figure 7 (a)
shows the optical transmission spectra for SnO2 (15%) and E-SnO2 (15%) films deposited on ITO. E-SnO>
demonstrates a higher transmission at higher wavelengths, however, both samples show good optical proper-
ties with transmission values over 80% across visible region which suggest a low parasitical optical loss [42].
Both SnO2 and E-SnO2 samples show a sharp decrease in transmission at wavelengths around 300 nm which
corresponds to the energy threshold for band edge absorption of SnO:2 [43]. Figure 7 (b) shows the bandgaps
of each ETL which were calculated using the Tauc plots. The absorption coefficient (o) and Tauc plots were
obtained using equation (2) and (3), respectively,

a=—=In(T) (2)
(ahv) = C(hv — Eg)™ (3)

Where, d is the thickness of the film, T corresponds to the transmission value (%), hv the photon energy, C is
a constant and, Eg the bandgap energy which is 1/2 for allowed direct transitions, 3/2 for forbidden direct
11
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transitions and 2 for indirect transitions. The value of the thickness of the films was measured using the ImageJ
software from the cross-sectional SEM image shown in Figure 4 (c) and the value was around 30 nm for both
ETLs. The values of thickness for ETLs were also confirmed by the profilometer instrument. The calculated
bandgaps for the SnOz and E-SnO2 were 4.12 and 4.13 eV, respectively, which are within the range of SnO:
bandgap (~3.6 to 4.5 eV) [42]. The large optical bandgap together with the high transmittance demonstrated
by the films are preferred features for ETLs, since it allows more photons to travel through the film without
being absorbed [44].
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Figure 7 — a) Transmission plot of SnO, (15%) and E-SnO, (15%) samples. b) Tauc plot (with slope) of the same samples.

3.1.3.2 Structural Characterization

To obtain insights about the SnO2and E-SnO2 films, structural characterization using X-ray diffraction (XRD)
analysis was performed. Figure 8 shows the XRD pattern for the (a) SnOz and (b) E-SnOz2 films, respectively.
By analyzing Figure 8 (a), it’s possible to see the presence of (110), (101) and (211) planes, at a 26 angle of
26.7°, 33.9° and 51.78°, respectively. The predominant peak is the one associated with the orientation (110)
plane which corresponds to the minimal surface energy at which SnO: crystallizes [45] In Figure 8 (b) thereis
no prominent peak for SnO2 which suggest that the E-SnOz film is less crystalline. This lack of intense peaks
in the XRD pattern of both ETLs might be associated with the low temperature of the annealing process that

the samples were subjected (180 and 60°C).
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Figure 8 - X-ray diffraction pattern of the a) SnO, (15%) and b) E-SnO, (15%) thin film.
The top-view scanning electron microscopy (SEM) characterization was performed in order to obtain
information about the morphology of the SnO2 films deposited on ITO. Figure 9 shows the top-view SEM

image which show a flat, uniform, and smooth film. For E-SnO, it was not possible to take the SEM images
for all concentrations because the sample created a charging effect at the time of imaging due to EDTA.
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Figure 9 - Scanning electron microscope (SEM) image of SnO, (15%) thin film.

3.1.4 Perovskite characterization

3.1.4.1 Optical characterization

The UV-visible absorbance spectra for MAPbIs films deposited on SnO2(15%) and E-SnO2 (15%) ETLs are
shown in Figure 10 (a). Figure 10 (b) shows the corresponding Tauc Plots for these absorbance spectra. The
absorbance spectra show that MAPbIs film deposited on E-SnO: has a higher absorbance than SnO: in the
visible wavelength range from 400 to 800 nm. The band gaps for the perovskites have been calculated in the
same way as for the ETLs using the equations (2) and (3). The thickness of the perovskite layer (d) (with ETL)
was 500 nm, and it was measured from the cross-sectional FIB-SEM image with the aid of ImageJ software.
Since MAPDI3 is a direct band gap semiconductor, it was assigned n=1/2 and the equation become the follow-
ing:

(ahv) = C(hv — Eg)i 4)

The bandgap value obtained for both perovskite films on SnOz and E-SnO2 ETLs was 1.59 eV which
is in line with the values presented in the literature (1.5 to 1.6 eV) [46] .The recombination kinetics of the
perovskite films deposited on SnO2 and E-SnO2 ETLs has been observed by steady-state photoluminescence
(PL) analysis shown in Figure 10 (c). Under an excitation wavelength of 400 nm, both films exhibit an emis-
sion peak near 780 nm, which is the result of radiative recombination from the perovskite bandgap. The per-
ovskite film on E-SnO2 showed slightly weaker PL demonstrating that carriers are extracted more efficiently.
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Figure 10 - a) UV-Vis absorption spectra, b) Tauc plotand c) PL spectra of the MAPbI, films deposited on SnO, (15%) and E-SnO,
(15%) ETLS.
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3.1.4.2 Structural characterization

To know about the crystalline structure of the perovskite films, XRD analysis was performed. Figure 11 (a)
and (b) show the characteristic peaks of the MAPDI3 film deposited on SnO2 and E-SnO2 ETLs. The dominant
diffraction peaks that reside at theangle 20 = 14.09°, 19.92°, 23.52°, 24.44°, 28.42°, 31.79°, 35.1°, 40.43°and
43.1° correspond tothe (110), (112), (211), (202), (220), (222), (312), (224), (314) lattice planes of the MAPDbI3
tetragonal structure [47].
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Figure 11 - X-ray diffraction (XRD) spectra of the MAPbI, films deposited on a) SnO, (15%) and b) E-SnO, (15%) ETLSs.

The surface morphology of the perovskite films was analyzed using SEM. Figure 12 (a) and (b) show
the top-view SEM images of the perovskite films deposited on SnO2 (15%) and E-SnO (15%) ETLs, respec-
tively. Perovskite film on SnO2 shows average grains, with a round shape but large number of pinholes in-
between the grains. Figure 12 (b) shows the perovskite film deposited on E-SnO2 with bigger size grains and
smaller number of pinholes than that for SnO2. The box plot for the grain size distribution of the perovskite
films deposited on both ETLs is represented in Figure 12 (c) and its demonstrates that the perovskite deposited
on E-SnO> has a larger average grain size which is around 0.98 um while SnO2 has an average grain size of

0.86 pm.
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Figure 12 - Top-view SEM images of MAPDI; films on a) SnO, (15%) and b) E-SnO, (15%). c) Grain size distribution of the
MAPbI; films.
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3.2 For SnO2 and E-SnO; (10%) based ETL

3.2.1 Electrical Characterization of the solar cells

PSCs with 10% concentration of SnO2 and E-SnO2 based ETLs were fabricated in the same way which is
already described in chapter 2.1. Figure 13 (a-d) shows the box chart of the best performing solar cells
parameters. The devices based on E-SnO2 ETL have average higher Voc but lower Jsc value than the SnO2
ones. The efficiency for E-SnO2 based cells are higher than the only SnO2 based cells due to higher Voc and
FF. The parameters for the best cells are described below.
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Figure 13 - (a) Vg, (b) Jsc, (¢) FFand (d) PCE distributions of PSCs with SnO, (10%) and E-SnO, (10%) based ETLs.

3.2.1 J-V curve for the best solar cell

Figure 14 (a) shows the J-V curves of the best performing cells for 10% SnOz and E-SnO: based ETLs, re-
spectively. The best device for SnO2 based ETL shows PCE of 9.53% where Jsc=21.82 mA/cm?2, Voc=0.72 V
and FF=60.43. On the other hand, the E-SnO2 ETL based device shows a PCE of 15.35% with the value of
Jsc=20.77 mA/cm2, Vo=1.06 V and FF=69.79. Figure 14 (b) shows the EQE spectra for the corresponding
devices. From the EQE spectra, the obtained Jsc values were 20.45 mA/cm2and 19.61 mA/cm?2 for the devices
with SnOzand E-SnO2 ETLs, respectively.
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Figure 14 —a) J-V curves of the best performing devices based on SnO, (10%) and E-SnO, (10%). b) EQE spectra for those PSCs.

3.2.2 ETL characterization

3.2.2.1 Optical characterization

UV-Vis spectrophotometry was used to analyze the optical properties of the different ETL layers. Figure 15
(a) shows the transmission spectra for SnO2 (10%) and E-SnO3 (10%) films deposited on ITO. E-SnO2 demon-
strates a higher transmission than SnO; at wavelengths higher than 500 nm. Both samples show good optical
properties with transmission values over 80% across visible region. Figure 15 (b) shows the bandgaps of each
ETL which were calculated from the Tauc plots. The calculated bandgaps for the SnO2and E-SnO2 were 4.11
and 4.08 eV, respectively.
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Figure 15 — a) Transmission plot for SnO, (10%) and E-SnO, (10%) films. b) Tauc plot (with slope) of the same samples.

3.2.2.2 Structural characterization

To obtain insights about the SnO2 and E-SnO: films, structural characterization was performed. Figure 16
shows the XRD pattern for the (a) SnOz and (b) E-SnO: films, respectively. By analyzing Figure 16 (), it is
possible to see the presence of (110), (101) and (211) planes, at a 20 angle of 26.7°, 33.9° and 51.78°, respec-
tively. However, these peaks are not very intense which indicates that there was only a partial crystallization
of the SnO.. After EDTA treatment, only one peak (110) is prominent and other peaks intensity decreases
(Figure 16 b) indicating a less crystalline ETL.
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Figure 16 - X-ray diffraction pattern of the a) SnO, (10%) and b) E-SnO, (10%) thin film.

The top-view SEM characterization was performed in order to obtain information about the morphol-
ogy of the SnOz films deposited on ITO. Figure 17 shows a top-view SEM image of aflat, uniform, and smooth
film with no defects.

Regulus 5.0kY 8.9mm x4.50k SE(U)
Figure 17 - Scanning electron microscope (SEM) image of the SnO, (10%) thin film.

3.2.3 Perovskite characterization

3.2.3.1 Optical characterization

The UV-visible absorbance spectra for MAPbIs films deposited on SnO2(10%) and E-SnO2 (10%) ETLs is
shown in Figure 18 (a). Figure 18 (b) shows the corresponding Tauc Plots for the absorption spectra. The
absorbance spectra show that MAPbIz film deposited on E-SnO:2 has a higher absorbance than SnOz in the
visible wavelength range from 400 to 800 nm. The bandgap value obtained for the perovskite films on SnO>
and E-SnO2 ETLs was 1.59 eV for both films. Figure 18 (c) shows the steady-state PL spectra for the perovskite
films deposited on SnO2 and E-SnO2 ETLs. The perovskite film on E-SnO2 showed a weaker PL suggesting
that the carriers are extracted more efficiently.
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Figure 18 - a) UV-Vis absorption spectra, b) Tauc plot and ¢) PL spectra of the MAPbI; films deposited on SnO, (10%) and E-SnO,
(10%).

3.2.3.2 Structural characterization
Figure 19 (a) and (b) show the XRD pattern of the MAPbIs films deposited on SnOzand E-SnOz, respectively.
The dominant diffraction peaks correspond to the MAPDI3 tetragonal structure. In the E-SnO2 graph, there is
one extrapeak located at the angle 26 of 12.5° which is assigned to the (001) peak of Pblz. It has been reported
that Pblz on the perovskite film's surface might heal the halide vacancy generating type-I band alignment and
reduce the trap state density [48].
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Figure 19 - X-ray diffraction (XRD) spectra of a MAPbI; film prepared on a) SnO, (10%) and b) E-SnO, (10%).

The surface morphology of the perovskite films was also analyzed by SEM analysis. Figure 20 (a) and
(b) show the top-view SEM images of the perovskite films deposited on SnO2 (10%) and E-SnO2 (10%) ETLs,
respectively. Perovskite film on SnO2 shows a film with small grains, having various shapes, sizes, and large
number of pinholes. Figure 20 (b) shows the perovskite film deposited on E-SnOz having bigger grains size
with various shapes and sizes. It has smaller number of pinholes in-between the grains than that for SnO2. The
box plot for the grain size distribution of the perovskite films deposited on both ETLs is represented Figure 20
(c). It demonstrates that the perovskite deposited on E-SnOz2 has a larger average grain size which is around
1.1 pm, while, SnO has an average grain size of 0.52 pm which is co-related with the device efficiency as the

GBs are the major recombination centers [49].
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Figure 20 - Top-view SEM images of MAPbI; on a) SnO, (10%) and b) E-SnO, (10%). ¢) Grain size distribution of the MAPbI; films.

3.3 For SnO; and E-SnO2 (7.5%) based ETL

3.3.1 Electrical Characterization of the solar cells

PSCs with 7.5% concentration of SnO2 and E-SnO2 based ETLs were developed and theiroptical, structural,
and electrical properties were studied in the same way as the previous concentrations. Figure 21 (a-d) shows
the box chart of the best performing solar cells parameters. The devices based on E-SnO2 ETL have a higher
Voc because of the improved band allignment with perovskite. The efficiency for the E-SnO2 based solar cells
are higher than the only SnO: based cells due to higher Voc and FF. The parameters for the best cell are
described below.
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Figure 21 — (@) Vo, (b) Jsc, () FF and (d) PCE distributions of PSCs with SnO, (7.5%) and E-SnO, (7.5%) based ETLs.
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3.3.2 J-V curve for the best solar cell

Figure 22 (a) shows the J-V curve of the best performing cell for 7.5% SnOzand E- SnO2 based ETL. The best
device for SnO2 based ETL shows a PCE of 13.20% where Jsc=24.31 mA/cm?2, Voc=0.82 V and FF=66.50.
The E-SnO2 ETL based device shows PCE of 15.51% with the value of Jsc=22.18 mA/cm?, Vo=1.01 V and
FF=68.97. Figure 22 (b) shows the corresponding EQE spectra for both cells. From the EQE spectra the Jsc
values were calculated which are 21.38 mA/cm2for the SnO2and 20.36 mA/cm? for the E-SnO2 based solar
cells.
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Figure 22 —a) J-V curves of the best performing devices based on SnO, (7.5%) and E-SnO, (7.5%). b) EQE spectra for those PSCs.

In order to evaluate the long-term stability performance for both SnO2 and E-SnO2 based best cells,
these were stored in vacuum. Their PCE were measured over time asshown in Figure 23. After 700h, the SnOz
device performance decreased to 62% of its initial PCE while the E-SnO2 based PSC only decreased to 83%.
This shows that by complexing EDTA with SnOz, the long-term stability of the device can be improved.
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Figure 23 - Long-term stability performance of the best performing PSCs based on SnO, (7.5%) and E-SnO, (7.5%) ETLs.
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3.3.3 ETL characterization

3.3.3.1 Optical characterization

UV-Vis spectrophotometry was used to analyze the optical properties of the different ETL layers. Figure 24
(a) shows the optical transmission spectra for SnO2 (7.5%) and E-SnO2 (7.5%) deposited on ITO. E-SnO:
demonstrates a higher transmission for wavelengths higher than 500 nm and both samples show good optical
properties with transmission values over 85% across visible region. Figure 24 (b) shows the bandgaps of each
ETL which were extrapolated from the Tauc plots the calculated bandgaps for the SnOz2and E-SnO2 were 4.15
and 4.16 eV, respectively.
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Figure 24 — a) Transmission plot for SnO, (7.5%) and E-SnO, (7.5%) samples. b) Tauc plot (with slope) of the same samples.

3.3.3.2 Structural characterization
To obtain insights about the SnO2 and E-SnO: films, structural characterization was performed. Figure 25
shows the XRD pattern for the (a) SnOz and (b) E-SnOz films, respectively. By analyzing Figure 25 (a), like
the other concentrations, the peaks for SnO2 are not very intense which indicates that there was only a partial
crystallization of the SnO.. For E-SnOz2, the peaks are less visible due to poor crystallization.
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Figure 25 - X-ray diffraction pattern of the a) SnO, (7.5%) and b) E-SnO, (7.5%) thin film.
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The top-view SEM image for the SnO: film is shown in Figure 26. It shows a flat, uniform, and smooth
film with no defects.

.

Regulus 5.0kV 9.0mm x4.46k SE(U)
Figure 26 - Scanning electron microscope (SEM) image of SnO, (7.5%) thin film

After comparing the results for different concentrations, it is concluded that 7.5 % is the best percent-
age for E-SnO2 based PSCs. Therefore, different other extra characterizations for ETLs and perovskite layers
were also performed for this concentration.

An atomic force microscopy (AFM) analysis was performed on the SnO2 and E-SnO: films to study
the morphological properties of the films. Figure 27 (a) and (b) show the AFM topography images of the SnO2
and E-SnO:z films, respectively. Gwydion software was used to measure the root mean square (RMS) rough-
ness of the films. The images reveal that the root-mean-square (RMS) roughness for SnO2, E-SnO: films are
29.38 nm and 7.38 nm, respectively. It is clear that after the EDTA treatment, the roughness exceptionally
decreases for the combined E-SnO: film which is an important parameter for better development of perovskite
layer for high performance PSCs. In addition, the electron mobility for these films is shown in Table 2 meas-
ured by the Hall effect measurement system. This shows that the electron mobility of the combined E-SnO>
film is 140 cm?2V-1S-twhich is much higher than that for only SnO2 which is 36.8 cm2V-1S-1, It is obvious that
the large electron mobility of the ETL benefits to extract charge carriers from the absorber layer avoiding
recombination.

a b

Figure 27 - AFM topographical images of a) SnO, (7.5%) and b) E-SnO, (7.5%) films.
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Table 2 - Data of Hall mobility, carrier concentration and sheet resistance for SnO, and E-SnO, films.

Samples Hall mobility Carrier concentration Sheet resistance
P (cm2V-is ) (cm) (Ohm/sa))
SnO2 36.8 9.09 x 1011 6.21 x10°
E-SnO2 140 9.45 x 1012 1.58 x 10°

3.3.4 Perovskite characterization

3.3.4.1 Optical characterization

The UV-visible absorbance spectra for MAPbIs films deposited on SnO2(7.5%) and E-SnO2 (7.5%) ETLs are
shown in Figure 28 (a). Figure 28 (b) shows the corresponding Tauc Plots for these absorbance spectra. The
absorbance spectra show that MAPDbIs film deposited on E-SnO2 has the same absorbance as SnO: in the visible
wavelength range from 400 to 800 nm. The band gap of the perovskites has been calculated in the same way
as the other concentrations which is described in chapter 3.1.4.1. The bandgap value obtained for the perovskite
films on SnO2 and E-SnO2 ETLs was 1.59 eV for both films. The recombination kinetics of the perovskite
films deposited on SnO2 and E-SnO2 ETLs has been observed by steady-state PL analysis shown in Figure 28
(c). The perovskite film on E-SnO2 showed a much weaker PL suggesting that the carriers are extracted more
efficiently.
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Figure 28 - a) UV-Vis absorption spectra, b) Tauc plotand ¢) PL spectra of the MAPbI; films deposited on SnO, (7.5%) and E-SnO,
(7.5%).

3.3.4.2 Structural characterization

To know about the crystalline structure of the perovskite films, X-ray diffraction analysis (XRD) was per-
formed. Figure 29 (a) and (b) show the characteristic peaks of the MAPDIs film deposited on SnO2 and E-
SnO2. The dominant diffraction peaks correspond to the MAPDI3 tetragonal structure. In both graphs, there is
one peak located at the angle 26 of 12.5° which is assigned to the (001) peak of Pbl2. Figure 48 (appendix)
demonstrates that this peak is more intense for the E-SnO2 based perovskite film with 7.5% concentration than
the other concentrations. Figure 47 (appendix) also shows the top-view SEM images of the MAPbIs on E-
SnO: film containing Pbl> grains.
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Figure 29 - X-ray diffraction (XRD) spectra of a MAPbI; film prepared on a) SnO, (7.5%) and b) E-SnO, (7.5%).

The surface morphology of the perovskite films was analyzed by using SEM. Figure 30 (a) and (b)
show the top-view SEM images of the perovskite films deposited on SnO2 (7.5%) and E-SnO2 (7.5%) ETLs,
respectively. Perovskite film on SnO2 (Figure 30 a) shows big grains, with various shapes and sizes but some
pinholes. Figure 30 (b) shows the perovskite film deposited on E-SnO2 with bigger grainsand a greatly reduced
number of pinholes than that for SnO2. The box plot for the grain size distribution of the perovskite films
deposited on both ETLs is represented in Figure 30 (c) and its demonstrates that the perovskite deposited on
E-SnO2 has a larger average grain size which is around 1.21 um while SnO2 has an average grain size of 1.03
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Figure 30 - Top-view SEM images of MAPbI; on a) SnO, (7.5%) and b) E-SnO, (7.5%). c) Grain size distribution of the MAPblI,
films.

Figure 31 (a) shows the full XPS spectra for the perovskite films deposited on SnO2 (7.5 %) and E-
SnO2 (7.5 %) ETLs, respectively. These spectra show the four main peaks centered at 138 eV, 286 eV, 402 eV
and 619 eV, which were assigned to Pb 4f, C 1s, N 1s and I 3d, respectively. The high resolution XPS spectra
for Pb 4f and | 3d peaks are shown in Figure 31 (b) and (c), respectively. For only SnO2 based MAPI film, the
peaks of Pb 4fs; and Pb 4f72 were detected at 143.5 eV and 138.5 eV, respectively. For E-SnO2 based ETL,
the Pb 4f peak pairs shifted to a slightly lower binding energy. A decrease in binding energy results from an
increase in the electron screening effect as a result of an increase in electron density [50]. This redshift in the
binding energy can therefore be tentatively attributed to the interactions between uncoordinated Pbl2 and the
electron-rich N and O atoms, which increase the electron cloud density and decrease the electron affinity of
Pblz ions [51].
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Figure 31 - a) XPS spectra of MAPbI3 film deposited on SnO2 (7.5%) and E-SnO2 (7.5%). b) Pb 4f XPS spectra of MAPbI,. c) | 3d
XPS spectra of MAPDI .

Kelvin probe force microscopy (KPFM) was also used to measure the surface potential of the perov-
skite layers. The contact potential difference (CPD) between the microscope metal tip and the perovskite sur-
face gives the values of their surface potential. Figure 32 shows the CPD map of MAPbIs films deposited on
both ETLs. It is clear to see that the sample where MAPDIz is deposited on E-SnO2 has a higher surface poten-
tial which is around 370 mV while the perovskite on SnO: is around 230 mV. These findings show that E-
SnO:2 based perovskite results in a higher Fermi energy level, which provides a superior band alignment be-
tween the ETL and the perovskite [52].
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Figure 32 - CPD distribution of the MAPDI; perovskite film on a) SnO, and b) E-SnO,. c¢) Line profile of surface potential of the films.

3.4 For SnO2 and E-SnO; (2.5%) based ETL

3.4.1 Electrical Characterization of the solar cells

PSCs with 2.5% concentration of SnO2 and E-SnO2 based ETLs were fabricated the same way as the other
concentrations. Figure 33 shows the box chart of the best performing solar cells parameters. The devices based
on E-SnO; ETL have average higher Voc and Jsc values than the SnOzones. The parameters for the best cell
are described below.
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Figure 33 - (a) Vg, (b) Jsc, (¢) FFand (d) PCE distributions of PSCs with SnO, (2.5%) and E-SnO, (2.5%) based ETLs.

3.4.2 J-V curve for the best solar cell

The J-V curve for the best performing cell for 2.5% SnO2z and E-SnO2 based ETLs is illustrated in Figure 34
(a). The best cell for SnO2 based ETL has a PCE of 12.66% where Jsc=21.19 mA/cm?, Voc=0.99 V and
FF=60.08. On the other hand, the E-SnO2 ETL based device shows a PCE of 12.33% with the value of
Jsc=20.37 mA/cm?, Voc=1.00 V and FF=60.54. Figure 34 (b) shows the EQE spectra for the corresponding
best cells. From the EQE spectra, the Jsc values were calculated, and these are 20.30 mA/cm?2for the device
with SnO2ETL and 19.36 mA/cm?2 for the device with E-SnO2 ETL.
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Figure 34 —a) J-V curves of the best performing PSCs based on SnO, (2.5%) and E-SnO, (2.5%) ETLs b) EQE spectra of the PSCs.
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3.4.3 ETL characterization

3.4.3.1 Optical characterization

Figure 35 (a) shows the optical transmission spectra for SnOz2 (2.5 %) and E-SnO2 (2.5 %) films deposited on
ITO. Both SnO2 and E-SnO: samples demonstrate a similar optical transmission spectrum across the visible
region with values over 80 %. The calculated bandgap (from Figure 35 b) for the SnO2 and E-SnO> was 4.12
eV for both samples.
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Figure 35 — a) Transmission plot of SnO, (2.5%) and E-SnO, (2.5%) samples. b) Tauc plot (with slope) of the same samples.

3.4.3.2 Structural characterization
To obtain insights about the SnO2 and E-SnOz films, structural characterization using X-ray diffraction (XRD)
analysis was performed. Figure 36 shows the XRD pattern for the (a) SnOzand (b) E-SnOz2 films, respectively.
As the percentage of SnOzsolution is low, therefore, for this concentration, the X-ray diffractograms for both
films don’t show any peaks associated with SnO2which indicates that both films possess very poor crystallin-
ity.
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Figure 36 - X-ray diffraction pattern of the a) SnO, (2.5%) and b) E-SnO, (2.5%) thin film.

The top-view SEM characterization was performed in order to obtain information about the morphol-
ogy of the SnO2 films deposited on ITO. Figure 37 shows the top-view SEM image of a film with some defects
present and with some roughness associated.
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Figure 37 - Scanning electron microscope (SEM) image of SnO, (2.5%) thin film

3.4.4 Perovskite characterization

3.4.4.1 Optical characterization

The UV-visible absorbance spectra for MAPbIs films deposited on Sn0O2(2.5%) and E-SnO2 (2.5%) ETLs are
shown in Figure 38 (a). Figure 38 (b) shows the corresponding Tauc Plots for these absorbance spectra. The
MAPDI3 film deposited on E-SnO2 has the same absorbance as the MAPDIs film deposited on SnOz in the
wavelength range between 600 and 800 nm, whereas the SnO2 one has higher absorbance for wavelength
values below 600 nm. The bandgap value obtained for the perovskite films on SnO2 and E-SnO2 ETLs was 1.6
eV for both films. The recombination kinetics of the perovskite films deposited on SnO2 and E-SnO2 ETLs
has been observed by steady-state PL analysis shown in Figure 38 (c). The perovskite film on E-SnO2 showed
a weaker PL demonstrating that carriers are extracted more efficiently.
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Figure 38 - a) UV-Vis absorption spectra, b) Tauc plotand c) PL spectra of the MAPbI; films deposited on SnO, (2.5%) and E-SnO,
(2.5%).

3.4.4.2 Structural characterization

To know about the crystalline structure of the perovskite films, X-ray diffraction analysis (XRD) was per-
formed. Figure 39 (a) and (b) show the characteristic peaks of the MAPbIs film deposited on SnO2and E-SnO:2
ETLs, respectively. The dominant diffraction peaks correspond to the lattice planes of the MAPDI3 tetragonal
structure. In both graphs, there is one peak located at the angle 20 of 12.5° which is assigned to the (001) peak
of Pbl.. In comparison with the other concentrations, both diffractograms have the lowest intensity peaks as
shown in Figure 46 (appendix).
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Figure 39 - X-ray diffraction (XRD) spectra of a MAPbI; film prepared on a) SnO, (2.5%) and b) E-SnO, (2.5%).

The surface morphology of the perovskite films was analyzed by using SEM. Figure 40 (a) and (b)
show the top-view SEM images of the perovskite films deposited on SnO2 (2.5%) and E-SnO2 (2.5%) ETLs,
respectively. Perovskite film on SnO2 shows a film with small grains and with some pinholes. Figure 40 (b)
shows the perovskite film deposited on E-SnO2 with the same average grain size and with roughly the same
number of pinholes as SnO2. The box plot for the grain size distribution of the perovskite films deposited on
both ETLs is represented in Figure 40 (c) and its demonstrates that the perovskite deposited on E-SnO2 has a
grain size around 0.45 pm while SnOz has an average grain size of 0.40 pm.
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Figure 40 - Top-view SEM images of MAPbI; on a) SnO, (2.5%) and b) E-SnO, (2.5%). c) Grain size distribution of the MAPbI,
films.
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A

CONCLUSIONS AND FUTURE PERSPECTIVES

In summary, an effective way has been demonstrated to improve the performances of the planar PSCs by
modifying the SnO2 ETL with EDTA. During the project, large number of photovoltaic devices were devel-
oped by using four different concentrations of SnO2 and E-SnOz based ETLs. All solutions were prepared and
deposited outside of the glove box.

The basic structure of the solar cell is ITO/SnO2z (E-SnO2)/MAPI/HTL/Au. Four different percentages
of SnOzand E-SnO:z solutions were utilized to make ETL for each PSC structure, and they were characterized
by optically, structurally, morphologically, and electrically. Mixing of EDTA with SnO2 improved not only
the electrical conductivity of SnOz2, but also the crystallization and surface potential of the perovskite layer that
was placed on top, resulting in improved photovoltaic performance. A comparison study between the ETLs
(SnO2 and E-Sn0O2) was also performed for all concentrations. Both ETLs showed high optical transmittance
in the visible region and a large optical bandgap. From the XRD analysis, it was concluded that the SnO2 films
were partially crystalline, while, the E-SnO: films were less crystalline due to low annealing temperature pro-
cessing technique. It was also observed from the AFM analysis that the E-SnO: film possessed a lower surface
roughness than the bare SnO2 film which is advantageous for perovskite film deposition on top of that. When
perovskite film is deposited on E-SnO2 ETLs, it has better benefits, such as larger grains, less trap density, and
high crystallinity. These benefits are linked to the high performance of planar-type PSCs. The presence of Pbl2
peak is clearly observed in XRD analysis for all concentrations E-SnO> based perovskite films. But the peak
intensity is highest for 7.5% E-SnO: based perovskite films. In this case, the SEM image also reveals that Pbl
is present on the GBs and surfaces of the perovskite film. For all percentage, the perovskite film on E-SnO:
revealed significantly weaker PL intensity demonstrating that carriers are extracted more efficiently. The pres-
ence of Pblz in perovskite helps to reduce the point defects, resulting the nonradiative recombination is sup-
pressed. In the meantime, the KPFM results for 7.5 % SnO2 and E-SnO2 based perovskite films also suggest
that the presence of Pbl2 causes an upward shift of the Fermi level towards the conduction band. This shift has
the potential to enhance the difference between the Fermi level of electrons (Ern) and the Fermi level of holes
(Erp) when exposed to light. Consequently, the open circuit voltage (Voc) experienced a rise from 0.82 V to
1.01 V causes of the efficiency enhancement from 13.20% to 15.51%. These results showed that E-SnOzis an
excellent ETL in PSCs. In the future, more work needs to be done to precisely control E-SnO2 ETL, including
film quality, defects, and surface states. This will make it more effective at charge transfer by lowering inter-
face recombination and energy loss.

4.1 Future Perspectives

To furtherenhance thiswork, it would be advantageous to conduct additional studies and measurements. Per-
forming an Ultraviolet Photoelectron spectroscopy (UPS) would be a good starting point since it allows to get
better insights about the band structure and work function of the ETLs. A Time-Resolved Photoluminescence
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(TRPL) analysis would also be beneficial to complement this work since it allows for a better understanding
of the recombination kinetics of the perovskite films [53].

It would also be interesting to explore some other parameters of the ETL deposition, the annealing
time and temperature since it influences the morphology of the films. Changing the deposition type of the SnO-
from spin coatingto ultrasonic spraying would also be a good approach because it produces a SnO: films with
wider bandgap, lower surface roughness and higher carrier concentration. The PSCs produced with sprayed
SnOzwould also have a higher efficiency and are more suitable for large area depositions [44].

Some extra investigation about the perovskite layer should also be performed such as changing the
reagents concentration of the perovskite or even change the perovskite and see how it affects the parameters
of the solar cells.
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A

AN APPENDIX

A.1l Solar cell parameters

In this section, the calculation of the solar cell's parameters (Figure 41) are explained with the aid of the IV
and PV curves obtained in the chapter Resultsand Discussion and using the key equations to extract its values.
Figure 41 - Representation of a general IV curve along with the solar cell parameters
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Figure 41 - Representation of a general IV curve along with the solar cell parameters.

The solar cell parameters can be calculated in the following way:
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Isc (short circuit current) is the current value at V =0 V.
Voc (open circuit voltage) is the voltage value at 1 =0 A.
Imp and Vmp are the values of current and voltage, respectively, at which the power reaches its
maximum value and can be obtained by analyzing the IV curve.
Pmax (Maximum power) can be obtained using the following equation:
Prax = Imp X Vip
FF (fill factor) is the approximation of the IV curve to a square and can be calculated through
the following equation:
Imp X Vinp
Isc X Voc
PCE (power conversion efficiency) is the ratio between Pmax and Piight (1 KW/m2):

FF =
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ax

P
PCE = -1ax
light

X 100%

Rs (series resistance) and Rsh (shunt resistance) can be obtained by calculating the inverse slope of the IV
curve in the areas shown in Figure 42. In the ideal scenario, these two parameters have the values: Rs~0 and

Rsh~oo.

1A

Decreasing Ry,

Inverse of slope gives Ry,

Inverse of slope gives R

Figure 42 - Effect of the decrease of shunt resistance (blue) and increase of series resistance (red) onthe IV curve of a solar cell [55].

A.2 Materials

Table 3 - List of materials used in this work, and their abbreviation, purity value, CAS number and company.

Material Abbreviation  Purity CAS number Company
Chlorobenzene - 99.9% 108-90-7 SIGMA ALDRICH
Dimethyl sulfoxide DMSO 99.9 % 67-68-5 Fisher Chemical
Ethylenediamine tetraacetic acid EDTA

Lead iodide Pbl2 99% 10101-63-0  SIGMA ALDRICH
Lithium salt Li-TFSI 99.95% 90076-65-6  SIGMA ALDRICH
Methylammonium iodide MAI 98% 14965-49-2  SIGMA ALDRICH
N-n dimethylformamide DMF 99.8 % 68-12-2 Panreac

Tin oxide (1V), 15% colloidal solu- | SnO: 15% 18282-10-5 Alfa Aesar
tion

4-TERT-BUTYLPYRIDINE 98% 3978-81-2 SIGMA ALDRICH
SPIRO-OMETAD 99.5% 207739-72-8 Ossila

A.3 Solutions preparation

1. ETL

The SnO:2 solutions were prepared by diluting the SnO2 aqueous colloidal solution (15 wt%) with de-
ionized water to achieve the desired concentration and then stirred for 2 hours at room temperature. The desired
concentrations were obtained by using the following quantities:

e 15 wt% SnO2: No need for dilution. The solution used was the same from the bottle.
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e 10 wt% SnO2: 1 mL SnO2 (15 wt%) + 0.5 mL deionized water.
e 7.5wt% SnO2: 1 mL SnO2 (15 wt%) + 1 mL deionized water.
o 25wt% SnO2: 1 mL SnO2 (15 wt%) + 5 mL deionized water.

The E-Sn02 solutions were prepared by mixing with a volume ratio of 1:1 the solutions of SnO2 previ-
ously prepared with an EDTA solution followed by a 5h stirring process on a hotplate at 80 °C. The EDTA
solution was prepared by mixing 0.2 mg of EDTA with 1 mL of deionized water and stirring for 2h at room
temperature. The desired concentrations were obtained using the following quantities:

e 15wt% E-SnO2: 1 mL SnO2 (15 wt%) + 1mL deionized water

e 10 wt% E-SnO2: 1 mL SnO2 (10 wt%) + 1 mL deionized water.
o 7.5wt% E-SnO2: 1 mL SnO: (7.5 wt%) + 1 mL deionized water.
o 25wt% E-SnO2: 1 mL SnOz (2.5 wt%) + 1 mL deionized water.

2. Perovskite precursor solution
The perovskite solution was obtained by dissolving 622 mg of lead iodide (Pblz2) in a solution with
750 uL of N-N dimethylformamide (DMF) and 95 uL of dimethylsulfoxide (DMSO). After the Pbl> was fully
dissolved, 215 mg of methylammonium iodide (MAI) were added to the solution and it was left stirring over-

night at room temperature. Before the deposition, the perovskite solution was filtered using PTFE filters with
a 0.25 um grading.

3. HTL precursor solution

The HTL solution was prepared by mixing 27.1 mg of Spiro-OMETAD, 6.56 uL of LiTFSI, 10.685 uL
of 4-tert-butylpyridine and 375 pL of chlorobenzene. The LiTFSI solution was made by mixing 20.8 mg of
Lithium Salt with 40 pL of acetonitrile. The HTL solution was then stirred for 3 hours at room temperature.

A.4 Optical characterization

In this appendix, optical characterizations of the ETL and MAPbIs films are presented.
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Figure 43 -Transmission spectra of a) SnO, and b) E-SnO, with different concentrations.
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Figure 44 - Absorbance spectra of MAPbI; films deposited on a) SnO, and b) E-SnO, with different concentrations.

A.5 Structural characterization

In thisappendix, structural and morphological characterizations of the ETL and MAPbIs films are pre-
sented.
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Figure 45 — XRD plot of a) SnO, and b) E-SnO, with different concentrations.
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Figure 46 - XRD plot of MAPbI; film deposited on a) SnO, and b) E-SnO, with different concentrations.

40



High efficiency planar-type perovskite solar cells using SnO, composite as an electron transport layer

~5.00um

_ oz Sno, (15 %)
3 s
Tz ——E-Sn0, (15 %)
—_ é ——E-Sn0, (10 %)
= powso, ——E-Sn0, (7.5 %)
) T oeawezor ——E-Sn0, (2.5 %)
2 g
— 8
‘g :
@ |z 3
c |8 =
sl B X -
—\(-) - ._._Jw A .
" Ao J An
T T T T g T T T

T T T
10 20 30 40 50 60 70
Degree (20)

Figure 48 - XRD plot of MAPbI3 film deposited on SnO, with 15% concentration and E-SnO, with different concentrations.

41






43

High efficiency planar-type perovskite solar cells using SnO, composite as an electron transport layer



High efficiency planar-type perovskite solar cells using SnO, composite as an electron transport layer






L

High efficiency planar-type perovskite solar ce SnO, composite as an electron transport layer

ear






High efficiency planar-type perovskite sol , composite as an electron transport layer




