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A SnO; has attracted more attention as electron transport layer (ETL) for perovskite
solar cells (PSCs) because it has diverse advantages, e.g., wide bandgap energy, excellent
optical and chemical stability, high transparency, high electron mobility, and easy
preparation. In this work, SnO, layer was fabricated by spin-coating and RF magnetron
sputtering techniques with various conditions. The SnO. layer was integrated into the planar
structure of PSCs consisting of FTO/SnO2/MAPbIs/spiro-OMeTAD/Au. For spin-coating,
SnO; films can fully cover the FTO, but it has some particulates from recrystallization of
SnO; precursor as observed in the FESEM images. For RF sputtering technique, morphology
of SnO;, films on SLG substrates is very smooth. The optical transmission of the SnO- films
was approximately 85 - 90% in the visible region. It was found that the optimum thickness
of SnO; layer was approximately 35 - 40 nm. The band gap energy (Eg) of SnO; by sputtering
was about 4.2 eV. The sputtered SnO- based devices were demonstrated to have better device
performance and stability than spin-coated SnO, based devices. Wet chemical processes were
avoided to minimize the particulates from recrystallization of SnO, precursor that led to
uneven surface of the ETL layer. It was found that the PSC based on sputtered SnO,, with
the sputtering power of 60 W and Ar gas pressure of 1 x 10~ mbar with O, gas partial
pressure of 1 x 10~ mbar delivered champion power conversion efficiency (PCE) of about
17.7%.
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CHAPTER |
INTRODUCTION

1.1 Overview

Due to increase of energy demand in daily activities in livelihood, which the
available energy is mostly from the combustion of fossil fuel. Thus, the research and
development in alternative sources of renewable energy may be necessity. These
alternative sources include hydropower, nuclear power, wave and tidal power, solar
cells, etc. A solar cell or photovoltaic device converts energy from the sunlight into
electrical energy. There are several technologies to fabricated solar cells, such as copper
indium gallium selenide solar cells (CIGS) [1], cadmium telluride solar cells (CdTe)
[2], silicon solar cells (Si-SCs) [3], dye sensitized solar cells (DSSCs) [4], quantum dot
solar cells (QDSCs) [5], organic photovoltaic cells (OPVs) [6], and perovskite solar
cells (PSCs) [7].

A perovskite material has a chemical formula of ABX3z with cubic crystal
structure. For organic-inorganic halide perovskite, A is an organic cation, such as
methylammonium (CH3NHs*, MA*) or formamidinium (NH.CHNH*, FA") , B is a
metal cation, such as Pb?* or Sn?*, and X is a halide anion, such as Cl~, Br~, 1~ or

mixed halide [8] as shown in Figure 1.

o A

Figure 1 Schematic diagram of ABX3 perovskite structure [8].
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The structure of DSSCs consists of a transparent conductive oxide (TCO), such
as fluorine-doped tin oxide (FTO) or indium-doped tin oxide (ITO), a nanocrystalline
TiO, mesoporous film, Dye molecules, a redox liquid electrolyte, such as I=/I13~
dissolved in a solvent, and a counter electrode, such as a platinum (Pt) [9] as shown in
Figure 2 (a). The increase internal surface area in the liquid electrolyte results in the
increase of recombination processes, which charge transfer reactions occur between the
electrons and the oxidized species (137) [10]. This problem was solved in DSSCs by
the replacement of the liquid electrolyte into hole transport layer (HTL), such as Spiro-
OMeTAD and using perovskite materials as absorbers, e.g. methylammonium lead
iodide (MAPDbI3 or CH3NH3Pblz) as shown in Figure 2 (b). This device has power
conversion efficiency (PCE) as high as 27.4% [11].

?ggsua!c r / Substrate
< A SR 10
B - '] Blocking Lay Blocking Layer
| y — T ‘]
T . i r =
‘o \+‘\JQ,/D”' o > -
ye | : | Perovskite
ll .o ... 3l Electrolyt { /
| u Platinum ' -
= ot | me—
¥ Substrate

Figure 2 Schematic diagrams showing configuration of solar cells: (a) dye sensitized
solar cells (DSSCs) and (b) perovskite solar cells (PSCs) [9].

The normal structure of PSCs consists of five layers, i.e., transparent electrode
such as FTO or ITO, electron transport layer (ETL), perovskite absorber layer, hole
transport layer (HTL), and metal electrode [12, 13]. The ETLs that have been proposed
for PSCs are, for example, TiO2, ZnO, SnO,, etc. TiO> is usually used for ETL as a
compact layer and a mesoporous layer. Both layers give relatively higher efficiency
PSCs. However, TiO. layer has some limitations for PSCs, such as it needs high
temperature process and yields low electron mobility. The effect of TiO2 layer

negatively affects the device stability under ultraviolet (UV) illumination [14, 15]. In
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addition, ZnO is another choice of ETL. It can be deposited easily with low temperature
process. However, ZnO is environmentally unstable due to the hydroxide (OH) residue
on the ZnO surface causing the decomposition of perovskite layers [16]. Recently, SnO-
has attracted interests as an ETL for PSCs because it has diverse advantages, e.g., wide
bandgap energy (3.6 - 4.0 eV), excellent optical and chemical stability, high
transparency, high electron mobility (~ 240 cm?/Vs), and easy preparation [17].

There are several methods to deposit SnO; film as ETL for PSCs, such as spin-
coating [18], magnetron sputtering [19], atomic layer deposition (ALD) [20], and
chemical bath deposition (CBD) [21] as shown in Figure 3. Qi et al. reviewed the
progresses in efficient and stable PSCs using SnO- as ETLs. SnO2 showed a good band
alignment with perovskite absorption, high transparency, and high electron mobility.
The results suggest that SnO; is a wonderful ETL for PSCs [22].

Figure 3 Morphologies of SnO2 as ETL deposited by different methods; (a) SnO> films
deposited on FTO substrate by ALD method and (b) SnO2 layers deposited on FTO
substrate by spin-coating and CBD method [22].

Kwang-Ho et al. [23] prepared SnO. ETL by spin-coating method using
SnCls.5H20 dissolved in IPA. The annealing temperature was varied from 100 °C to
500 °C and the concentration was investigated from 0.05 M to 0.2 M. The PSCs that
were obtained with the thickness of 40 nm, precursor concentration of 0.1 M, and
annealing temperature of 250 °C of SnO: film delivered a PCE of 19.17%.

Matthew et al. [24] fabricated SnO> by RF magnetron sputtering and spin-
coating method. For RF magnetron sputtering, the SnO; film was deposited using SnO-

target with 2 inch diameter. The SnO, target was sputtered in Ar (99.99%) and O>
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(99.99%) gas at a working pressure 0.25 Pa with sputtering power of 60 W. They varied
the SnO> thickness for 20 nm, 40 nm, 60 nm, and 80 nm. For spin-coating method, the
SnO; film was deposited using SnCl..2H20 dissolved in ethanol (0.1 M). The SnO;
film was spin-coated at 3000 rpm for 30 s and then annealed on a hotplate at 180 °C for
60 min in air. They found that the sputtered SnO> ETL demonstrated uniform and
stability layer than spin-coated SnO, ETL based devices. The devices with 40 nm
thickness of sputtered SnO- film showed the best performance with a PCE of 12.82%.

Guangfeng et al. [25] compared SnO> deposition processes between RF and DC
magnetron sputtering; RF sputtering using nonconductive white SnO; target and DC
sputtering using conductive gray SnO. target. They studied the effect of SnO> films on
PSCs with varying Ar/O> ratios (1:1, 1:2, 2:1, and 2:3). The SnO; films fabricated by
RF magnetron sputtering exhibited higher efficiency than DC magnetron sputtering.
The device with Ar/O> ratio 2:3 showed a PCE of 17.43%.

Den et al. [26] used RF magnetron sputtering on SnO> ceramic disc target with
5N purity and 64 mm in diameter with the distance between target and substrate of 6
cm. The working pressure was 1 Pa in pure Ar and O2 gas and sputtering power of 150
W. They studied the oxygen partial pressure percentage that was varied from 1% to
10%. They found that the increase in oxygen partial pressure results in the decrease of
film thickness and the resistivity of SnO; film decreases with the increase of oxygen

partial pressure as shown in Figure 4.
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Figure 4 The relationship between electrical resistivity of SnO> films and oxygen

partial pressure percentage [26].

In this work, we demonstrated normal planar structure of PSCs with optimized
room-temperature-processed SnO; as ETL prepared by spin-coating and RF magnetron
sputtering process. The MAPbIs perovskite thin film was deposited by two-step spin-
coating method. The HTL was deposited using Spiro-OMeTAD solution by a spin-
coating. The Au metal electrode was deposited on the HTL by the thermal evaporation.
Two types of process were investigated and found that the devices based on SnO; film
by RF magnetron sputtering showed superior performance. We considered the effects
of RF sputtering parameters, such as deposition time, RF sputtering power, Ar gas

pressure in the performance of the PSCs.

1.2 Objectives
e To fabricate SnO; layer as electron transport layers for normal structure of the
perovskite solar cells.
e To study physical and optical properties of SnO: layer for the perovskite solar
cells.
e To compare the performance of perovskite solar cells using SnO. and TiO>

electron transport layers.
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1.3 Thesis outline
The thesis consists of five chapters. The detailed backgrounds and the structure

of PSCs, deposition techniques, and characterization techniques are introduced in
Chapter I1. The experimental details and characterizations are described in Chapter I11.

The results are discussed in Chapter IV. The last chapter is the conclusion.



CHAPTER I
PEROVSKITE SOLAR CELLS FABRICATION METHODS AND
CHARACTERIZATION TECHNIQUES

This chapter describes material properties of perovskite solar cells (PSCs) and
thin film deposition techniques, e.g., spin-coating and RF magnetron sputtering
techniques. The characterization techniques, such as field-emission scanning electron
microscopy (FESEM), atomic force microscopy (AFM), optical transmission
spectroscopy, surface profiler, and current density-voltage (J-V) measurement are

described.

2.1 Perovskite solar cells (PSCs) structure

The normal (n-i-p) planar structure of PSCs consists of five layers, i.e.,
transparent electrode (FTO) , electron transport layer (ETL), perovskite absorber layer,
hole transport layer (HTL), and metal electrode as shown in Figure 5 (a). The energy
band diagram and the charge transfer process of PSCs showing the separation and
collection of electrons and holes is shown in Figure 5 (b). The charge transfer process
of device can be described. Firstly, perovskite absorber generates and separates
electrons and holes when photons are incident on the absorber. Then, electrons and
holes are transferred to the ETL and HTL, respectively. Finally, electrons move from
the ETL to the FTO and holes move from the HTL to the metal electrode [27].

W g |
-3 =

-4
FTO
-5 HTL _Au
Sn0O,

Electron transport layer (ETL) o

-7
Transparent electrode (FTO)

-8

Figure 5 Schematic diagrams showing (a) normal planar structure and (b) energy band

diagram and charge transfer process of PSC [27].
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The material properties of perovskite solar cells (PSCs) are briefly described as follows;
(1) Transparent electrode

The transparent electrode on substrate is a critical component for PSCs. It
should have high transmission, good conductivity, and promote good adhesion for the
deposited layers. Fluorine-doped tin oxide (FTO) has attracted great attentions for
transparent electrode because it is high transparency, chemically inert, and high

temperature resistant.

(i) Electron transport layer (ETL)

The ETL is the electron selective contact with perovskite absorber layer to
extract electrons from perovskite absorber and also to prevent hole from moving to the
transparent electrode. The requirements of ETL for high efficiency PSCs are (i)
appropriate energy band alignment, (ii) high electron mobility, (iii) high optical
transmittance, and (iv) high stability and easy processing. The ETLs that have been
proposed for PSCs are, for example, TiO2, ZnO, SnO., etc. At present, TiO: is usually
used for ETL as a compact layer and a mesoporous scaffold layer (Figure 6 (c)). Both
layers give relatively higher efficiency PSCs but it needs high temperature process and
has low electron mobility (10> cm?/Vs), on the order below 1 cm?/Vs. On the other
hand, SnO; has attracted interest as an ETL for PSCs because it has diverse advantages,
e.g., wide bandgap energy about 3.6 - 4.0 eV, excellent optical and chemical stability,
high transparency of 90% on glass, high electron mobility about 240 cm?/Vs, and easy

preparation at low temperature process [28].
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(a) Conventional (n-i-p) (b) Inverted (p-i-n)
Hole Transport Layer lectron Transport Layer
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- | Transparent Conducting Oxide Transparent Conducting Oxide
(c) Mesoporous

Hole Transport Layer
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}_ Mesoporous
scaffold

Transparent Conducting Oxide

Figure 6 Schematic diagrams of generic structures; (a) normal (n-i-p) planar, (b)
inverted (p-i-n) planar, and (c) mesoporous (conventional) structure of PSCs [29].

(iii) Perovskite absorber layer

The perovskite absorber layer absorbs photons to produce of electrons and
holes. MAPDI3 is commonly used in the normal planar structure of PSCs (Figure 6 (a)),
while it owns high absorption coefficients in the order of 10° cm™, high open-circuit
voltage (Voc), the carrier diffusion length of 100 nm and the bandgap of 1.55 eV [30].

(iv) Hole transport layer (HTL)

The HTL is used to collect and transport holes from perovskite absorber. The
requirements of HTL for high efficiency PSCs are high hole mobility, acceptable
energy levels that match with the perovskite absorber, and high stability and easy
processing. The organic spiro-OMeTAD is usually used for HTL with the conductivity
of about 10° S/cm and hole mobility of about 2 x10** cm?/Vs [31].

(v) Metal electrode
Gold (Au) is commonly used as electrode because it can preserve the stability
of PSCs. The Au metal electrode is generally deposited by thermal evaporation

technique.
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2.2 Deposition techniques
In this work, the SnO> as ETL was fabricated by spin-coating and RF magnetron

sputtering techniques which can be briefly described as follows.

2.2.1 Spin-coating method

Spin coating technique is one of techniques used to deposit thin films. For this
process, liquid solution is deposited onto a substrate and then rotated at high speed. The
rotation of a substrate at high speed and the centripetal force together with surface
tension will cause the solution to spread and coat the substrate. The solvent is
evaporated to leave of the substrate by annealing process. The thickness (t) of spin-

coated film depends on the spin speed:

t o — 1)

Vo

where w is the angular velocity.

2.2.2 RF magnetron sputtering techniques

Radio frequency (RF) magnetron sputtering is feasible to produce high quality
film. The RF sputtering is usually used for oxide or insulating thin films. This process
utilizes a strong magnetic field and electric field to ionize gas atoms (Ar*) in the vacuum
chamber. The ions are accelerated to bombard the target. The momentum is transferred
from the ions onto the target. At the same time, the atoms of the target are then emitted
from the target to the substrate. The film quality depends on the sputtering gas pressure
that affects the mean free path in the sputtering process. However, in the film fabrication
process, the sputtering power affects the film morphology, structure and performance

of devices.
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Figure 7 Schematic illustration of magnetron sputtering system [32].

2.3 Material characterization techniques

2.3.1 Field-Emission Scanning Electron Microscopy (FESEM)

The surface morphology and cross-section of the SnO; and perovskite films
were investigated using FESEM (JEOL Model JSM-7001F). The basic element of

FESEM includes an electron gun, a magnetic lenses, and an electron detector as shown

in Figure 8 [33]. The electrons, produced by the electron gun with a source of electrons,

are accelerated by an electric field through a combination of lenses into the electron

beam. The focal length of lenses is adjusted by an objective lens for the electron beam

to hit the surface of the sample. The second electrons generated by the scanning electron

beam can be detected by the detectors.
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Figure 8 Schematic illustration of field-emission scanning electron microscopy
(FESEM) [33].

2.3.2 Atomic Force Microscopy (AFM)

The AFM (Veeco Dimension 3100) was used to investigate the surface
morphology and roughness of SnO- films. Measurements were made by the interaction
between probe and sample surface. Figure 9 shows the basic element of AFM includes
a cantilever with a sharp tip, a photodetector, a laser, and a feedback loop for detection.
The probe was moved on a horizontal surface and then the movements of cantilever on
a vertical bending were measured by a photodetector.

The surface roughness is calculated via the root mean squared (rms) value:

Z%\Ll(hi_ﬁ)z
N

()

rms — roughness (Rq) =

where h; is the height at position i, h is the average height, and N is the number of
data points. The distances between the highest and lowest position are followed by z —
range:

z — range = hyay — hmin ©)
where h,, is the maximum height of surface and h,,;, is the minimum height of

surface.
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Figure 9 Schematic illustration of an atomic force microscope (AFM) [34].

2.3.3 Optical Transmission Spectroscopy

The UV-Vis-NIR spectrophotometer (Shimadzu Model UVPC1600) was used
to investigate the responses of materials to the light absorption in the range from ultra-
violet to infrared in terms of optical transmittance. The optical path of UV-Vis-NIR

spectrophotometer is shown in Figure 10.
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Figure 11 Schematic diagram of optical transmission and reflection in the thin film.

The schematic diagram of normal incidence of optical transmission and
reflection in thin film is shown in Figure 11. The intensity (I) of light due to the
absorption in the thin film is

[ =1,e™™ (4)
where x is the thickness of the thin film and o is the absorption coefficient. The optical
transmission (T) and reflection (R) can be expressed in terms of the intensity of
transmitted light (I,), the intensity of reflected light (I.), and the intensity of incident

light (1), which can be written as

T =2t (5)
Ip

R=-" (6)
Io

From Equations (5), the percentage of optical transmission (%T) can be written

as
%T = Il—t x 100 7
0

The absorption is expressed in terms of the absorption coefficient can be

obtained from

a=— %ln (%) (8)
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In addition, the absorption can be used to determine the band gap energy (Eg),
which the minimum energy that is required to excite an electrons from the lower energy
valence band to the higher energy conduction band. This is called an interband
transition. For the thin films, the interband transition is the allowed direct transition:

ahv = A(hv — Eg)% 9)

where A is constant, and hv is the photon energy being expressed in eV.

2.3.4 Surface profiler

The Dektak®ST is a surface profile measuring system, which accurately
measures a sample thickness. Measurements are made electromechanically by moving
the stage below the diamond-tipped stylus according to parameters set by the user such
scan length and speed. As the stage moves the sample, surface variations are recorded.

The graphic screen display exhibits data plot as shown in Figure 12.

Figure 12 Photograph of measurement result by Dektak®ST surface profiler.
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2.3.5 Current density-voltage (J-V) measurement

The performances of PSCs were investigated through the current density-
voltage (J-V) curves under AM 1.5 illumination with the light intensity of 100 mwW/cm?
using a Xe-lamp solar simulator and a Keithley 238 source-meter unit. The solar cell
parameters are the open-circuit voltage (Voc), the short-circuit current density (Jsc), the
fill factor (FF), and the power conversion efficiency (PCE).

The fill factor (FF) can be calculated from the maximum output power density

(Pn = In V), and can be written as
InVm

FF = :
IscVoc

(10)

The power conversion efficiency (PCE) is the ratio of the maximum output

power density (P,,) and the incident light power density (P;), which is defined as

PCE = Impﬂ (11)

From Equations (10) and (11), the PCE can be obtained from

POE = e¥oelT (12)

i



CHAPTER IlI
FABRICATION AND CHARACTERIZATION OF THE SnO2 AND
PEROVSKITE SOLAR CELLS

In this chapter, the fabrication and characterization of the SnO, films and

perovskite solar cells (PSCs) are described.

3.1 Perovskite solar cells fabrication
The normal planar structure of PSCs in this work consists of five layers, i.e.,
transparent electrode (FTO), electron transport layer (ETL), perovskite absorber layer,

hole transport layer (HTL), and metal electrode as shown in Figure 13.

{—= Metal electrode ~ 120 nm

4= Hole transport layer ~ 100 nm
4=  Absorber layer ~ 400 nm
== Electron transport layer ~ 40 nm

== Transparent electrode ~700 nm

Figure 13 Schematic diagram of the normal planar structure of PSCs.

3.1.1 Substrate preparation

The 3 cm x 3 cm Fluorine-doped tin oxide (FTO) substrates were chemically
etched with Zn powder and hydrochloric acid (HCI). The patterned FTO substrate was
covered with polyimide tape during etching as shown in Figure 14. The sheet resistance
of FTO substrate was 18 Q/sq and the thickness of FTO film and glass substrate are
approximately 700 nm and 3 mm, respectively. The FTO substrates were ultrasonically
cleaned with detergent (Micro 90) in deionized (DI) water, DI water, acetone, and 2-
propanol (IPA) for 30 min, respectively. Finally, the FTO substrates were dried with

N2 gas and kept in a desiccator prior to the depositions of PSCs.
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Figure 14 Schematic diagrams of preparation with FTO substrate for transparent

electrode.

3.1.2 Fabrication of SnO; films
In this work, SnO films as ETL were fabricated by spin-coating and RF

magnetron sputtering techniques.

3.1.2.1 SnO: films by spin-coating method

Part of FTO substrate was covered with polyimide tape to deposit SnO> as
shown in Figure 15. The surface treatment of the FTO substrates was done by UV-
ozone for 10 min prior to the deposition of SnO». For spin-coating method (Figure 16),
the SnO> film was deposited using either SnCl..2H20 (99.99%, Sigma-Aldrich) or
SnCls.5H20 (98%, Sigma-Aldrich) dissolved in ethanol and IPA (99.5%, Sigma-
Aldrich) and stirred for 12 hrs. The SnO- solution (300 ul) was spin-coated on the FTO
substrates with various precursor concentration and spin speed for 40 s. After that, the
SnO- films were annealed on a hotplate at 200 °C for 60 min and 250 °C for 30 min in

air.

1cm

s 4

Figure 15 Schematic diagrams of preparation with SnO; films for ETL.




33

‘ SnCl,.5H,0/IPA Annealing

nlg
r.IQ
¢

Figure 16 Schematic diagrams showing spin-coating method of SnO> films.

3.1.2.2 SnO: films by RF magnetron sputtering technique

The SnO:; film was deposited on FTO substrate by covering the substrate with
polyimide tape similar to that shown in Figure 15. For RF sputtering technique, Ar
(99.999% purity) and O2 (99.999% purity) gas was used during sputtering process by
using a SnO> sputtering target (99.99%, 100 mm diameter, 5 mm thickness) as shown
in Figure 17. The FTO substrates were placed on a substrate holder in a chamber and
the target and substrate distance was 6 cm. The deposition process started after the
chamber was evacuated to a base pressure of 3 x 10 mbar. The substrates were rotated
above target at the rate of 3 rpm. The deposition time was varied from 52 min to 210
min, RF sputtering power was varied from 60 W to 150 W, the Ar sputtering gas
pressure was varied from 1 x 1073 mbar to 6 x 103 mbar while keeping O partial

pressure at 1.5 x 10~* mbar.

/ Substrate

X N 1

\\ /-

35'“'“
100 mm

Figure 17 Schematic diagram showing the RF magnetron sputtering deposition

process. Ar and O gas were used during sputtering process.
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3.1.3 Fabrication of TiO> films
In this work, the TiO2 compact layer (cp-TiO) and TiO> mesoporous layer (mp-

TiO>) as the ETLs were fabricated by spin-coating method.

3.1.3.1 TiO, compact layer (cp-TiO2)

The FTO substrate was firstly covered with polyimide tape as shown in Figure
18. The substrate was treated with UV-o0zone for 10 min prior to the deposition of ETL.
The compact TiO> solution was prepared from 1 ml TiO2 blocking layer (Greatcell
Solar) dissolved in 2 ml of ethanol and stirred at 70 °C for 12 hrs. The compact TiO>
solution (400 ul) was deposited on the FTO substrate by spin-coating at 3000 rpm for
30 s in No-filled glovebox, and then annealed on a hotplate at 500 °C for 30 min in air.

1cm

Figure 18 Schematic diagrams of preparation with cp-TiO> layers for ETLS.

3.1.3.2 TiO2 mesoporous layer (mp-TiO2)

The cp-TiO: layer was then covered with polyimide tape as shown in Figure 19.
The cp-TiO. layer was treated by UV-ozone for 10 min prior to the deposition of
mesoporous layer. The mesoporous TiO> layer was deposited by spin-coating method
in No-filled glovebox using 1ml TiO. paste (30NR-D, Greatcell Solar) dissolved in 7
ml of ethanol and stirred for 12 hrs. The mesoporous TiO2 solution (400 pl) was spin-
coated on the cp-TiO; layer at 3000 rpm for 30 s. After that, the mp-TiO: layer was

annealed on a hotplate at 500 °C for 30 min in air.
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Figure 19 Schematic diagrams of preparation with mp-TiO; layers for ETLSs.

3.1.4 Fabrication of perovskite absorber layer

The ETL film, either SnO; or TiO», was treated with UV-ozone for 10 min to
improve its hydrophilicity. The MAPbIs perovskite thin film was deposited by the two-
step spin-coating method in N2-filled glovebox as shown in Figure 20. The Pbl. solution
was prepared from 0.461 g Pbl» (99.999%, Sigma-Aldrich) dissolved in 1 ml of N,N-
Dimethylformamide (DMF, 99.8%, Sigma-Aldrich) and N,N-Dimethylsulfoxide
(DMSO, 99.9%, Sigma-Aldrich) with 4:1 by volume and stirred at 70 °C for 12 hrs.
Before depositing perovskite layer, the SnO2 substrates were preheated on a hotplate at
70 °C for 10 min. The Pbl; solution (200 pl) was deposited on the preheated SnO> by
spin-coating at 3000 rpm for 30 s, and then annealed on a hotplate at 70 °C for 20 min.
After that, the solution (400 ul) of methylammonium iodide (MAI, Dyesol) which
consists of 0.010 g MAI dissolved in 1 ml of IPA and stirred for 12 hrs was spin-coated
on the Pbl, layer at 2000 rpm for 20 s. In order to obtain a high quality perovskite
absorber layer, the anti-solvent (50 ul) of chlorobenzene (CB, 99.8%, Sigma-Aldrich)
was dropped while spin-coating the MAI layer. All the perovskite layers were annealed
on a hotplate at 120 °C for 10 min.

Pbl,/DMF/ MAI/IPA Annealing
DMSO é

r.la
r.I\Q
q

i

Figure 20 Schematic diagrams of two-step spin-coating method to deposit MAPDI3

perovskite films.
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3.1.5 Fabrication of hole transport layer

The HTL was deposited on top of the perovskite layer using Spiro-OMeTAD
solution which was prepared from dissolving 0.0723 g of Spiro-OMeTAD (99.8%,
Borun New Material Technology Ltd.) into 1 ml of CB and 28.8 pl of 4-tert-
butylpyridine  (t-BP, 96%, Sigma-Aldrich) and 175 pul of lithium
bistrifluoromethanesulfonimidate (Li-TFSI, 99% ,Sigma-Aldrich) (pre-dissolved as
520 mg/ml solution in acetonitrile, 99.8%, Sigma-Aldrich) and stirred for 12 hrs. 150
pl of Spiro-OMeTAD solution was dropped and spin-coated on the perovskite layer at
3000 rpm for 30 s. It was worthy to note that the perovskite absorber layer and HTL
process were carried out inside the No-filled glovebox (Figure 21). Finally, the
perovskite absorber and Spiro-OMeTAD layer, closing area of 1 cm x 3 cm polyimide
tape, were cleaned with DMF for making electrode. The films were kept in a low

vacuum pot overnight to oxidize Spiro-OMeTAD.

Figure 21 Photograph of the No-filled glovebox (Changsha Tianchuang Powder
Technology Co., Ltd.).

3.1.6 Fabrication of Au metal electrode
The Au metal electrode was deposited on the Spiro-OMeTAD layer by thermal

evaporation with thickness of 120 nm using a shadow mask as shown in Figure 22. The
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deposition process start after the chamber was evacuated to a base pressure of 9.8 x 10

% mbar.

Figure 22 Photograph of a shadow mask for Au metal electrode.

3.2 Characterizations

The thin film layers as well as the PSCs fabricated in this work were
characterized by field-emission scanning electron microscopy (FESEM), atomic force
microscopy (AFM), optical transmission spectroscopy, surface profiler, and current

density-voltage (J-V) measurement.

3.2.1 Field-Emission Scanning Electron Microscopy (FESEM)

The FESEM (JEOL Model JSM-7001F) was used to investigate the surface
morphology and cross-section of the SnO2 and perovskite films. It was used to study
microstructures or nanostructures of films. The surface morphology and cross-section
were imaged with magnification of X5,000 to X50,000. In addition, the material
compositions of the SnO; films were investigated using energy dispersive spectroscopy
(EDS).
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3.2.2 Atomic Force Microscopy (AFM)

The AFM (Veeco Dimension 3100) was used to observe the surface
morphology and the roughness of the SnO: films on soda-lime glass (SLG) substrates.
The surface area of imaging was 5 um x 5 um. AFM was also used to measure the root

mean square (rms) roughness.

3.2.3 Optical Transmission Spectroscopy

The transmittance and absorbance spectra of the SnO> films and perovskite
absorber layer were investigated in the range of 330 nm to 1100 nm by a UV-Vis-NIR
spectrophotometer (Shimadzu Model UVPC1600).

3.2.4 Surface profiler
The thickness of the SnO; films was measured by Dektak®ST surface profiler.
In this work, the SnO- film was deposited on SLG substrate by covering the substrate

with polyimide tape as shown in Figure 23.

3cm 0.5cm

+———> <+

/
3cm P

./

Figure 23 Schematic diagrams of preparation with SnO. films for thickness

measurement by Dektak®ST surface profiler.

3.2.5 Current density-voltage (J-V) measurement

The J-V curves of the PSCs were measured under AM 1.5 illumination with the
light intensity of 100 mW/cm? using a Xe-lamp solar simulator and a Keithley 238
source-meter unit. The solar cell parameters are the open-circuit voltage (Vo), the
short-circuit current density (Jsc), the fill factor (FF), and the power conversion
efficiency (PCE). The PSC devices under investigation have an active area of 0.06 and

0.2 cm?.



CHAPTER IV
RESULTS AND DISCUSSION

In this chapter, the results of the SnO; films and perovskite solar cells (PSCs)
are discussed in terms of surface morphology, optical transmission, electrical
properties, and J-V characteristics. The discussions of the effects of electron transport
layer (ETL) on the performance of the PSCs are described.

4.1 Characteristics of spin-coated SnO; films

4.1.1 The surface morphology of spin-coated SnO: films

The morphology of SnO- film deposited on SLG substrates by spin-coating
method is shown in FESEM image. The SnO: films fully cover the SLG substrates. The
EDS measurement was used for inspection of the elemental composition of the films.
Figure 24 shows the FESEM image and the EDS spectrum of SLG substrate. It can be
seen that the SLG substrate has smooth surface and the composition consists of Sn (0.20
Atomic %), O (77.05 Atomic %), Si (15.46 Atomic %), Na (5.05 Atomic %), Mg (1.45
Atomic %), and Ca (0.78 Atomic %). Figure 25 illustrates the FESEM image and the
EDS spectrum of the SnO> films on the SLG substrates and the composition consists of
Sn (1.09 Atomic %) and O (68.93 Atomic %) when other elements, such as Si, Na, Mg,
and Ca, are included in the SLG compositions. However, it can be seen that when SnO;
precursor was deposited by wet chemical process, some particulates from
recrystallization of SnCls precursor were observed on some area of SnO> surface. The
EDS spectrum shows material composition of Sn (2.15 Atomic %), Cl (1.26 Atomic
%), and O (62.92 Atomic %) in the area of some particles as shown in Figure 26 (b).
However, the atomic percentage of oxygen is not accurate for the composition of SnO>
films since the EDS has an effective probe depth about 1 um, which is deeper than the
thickness of SnO2 films (~ 60 nm).
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Figure 24 (a) FESEM image and (b) EDS spectrum of SLG substrate.
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Figure 25 (a) FESEM image and (b) EDS spectrum of spin-coated SnO- film on SLG

substrate without particle in the SnO, surface.
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Figure 26 (a) FESEM image and (b) EDS spectrum of spin-coated SnO- film on SLG
substrate with particle in the SnO; surface.
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The effects of spin-coating parameters were considered for the SnO- films using
SnCls.5H20 and SnCl>.2H,0O precursors with various precursor concentration ranging
from 0.05 M to 0.7 M while keeping spin speed at 3000 rpm for 40 s. Figure 27 presents
the FESEM images of the SnO: films deposited with 0.1 M and 0.15 M SnCls.5H20 in
IPA. There is no particulate on the surfaces of these uniform SnO- layer. It can be seen
in Figure 28 and Figure 29, using SnCl>.2H,O dissolved in ethanol, that both small
grains of SnCls precursor were formed at low concentration. On the other hand, at
higher concentration, it was found that the SnO. surface was very smooth.

Table 1 and Table 2 illustrate the FESEM images of the SnO. films using
SnCls.4H20 precursor with various spin speed from 2000 rpm to 5000 rpm for 40 s.
The FESEM images show that the SnO> surfaces do not change significantly with spin
speed and the surface becomes smoother with increase concentration.

In order to investigate the effect of the SnO: surfaces using SnCl>.2H>0
precursor with various spin speeds of 2000, 3000, 4000, and 5000 rpm for 40 s. It is
compared and showed in Table 3 and Table 4 that the FESEM images of the SnO; film

on SLG substrates show more uniform particulates from recrystallization of SnCl4

precursor on surfaces and no difference for various spin speeds.

Figure 27 FESEM images of spin-coated SnO. film on SLG substrates using
SnCls.5H20 dissolved in IPA with varying precursor concentration (a) 0.1 M and (b)
0.2 M while keeping spin speed at 3000 rpm for 40 s and annealing on a hotplate at 250
°C for 30 min.
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Figure 28 FESEM images of spin-coated SnO. film on SLG substrates using

SnCl,.2H>0 dissolved in ethanol with varying precursor concentration (a) 0.05 M, (b)
0.1 M, (c) 0.2 M, (d) 0.25 M, (e) 0.3 M, and (f) 0.5 M while keeping spin speed at 3000

rpm for 40 s and annealing on a hotplate at 200 °C for 60 min.
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Figure 29 FESEM images of spin-coated SnO: film on SLG substrates using

SnCl,.2H20 dissolved in ethanol (preheat solution) with varying precursor
concentration (a) 0.1 M, (b) 0.3 M, (c) 0.5 M, and (d) 0.7 M while keeping spin speed
at 3000 rpm for 40 s and annealing on a hotplate at 200 °C for 60 min.
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4.1.2 The optical transmission spectrum of spin-coated SnO; films

The optical transmission spectrum of spin-coated SnO: films on SLG substrates
using SnCls.5H.0 dissolved in IPA on different precursor concentration is shown in
Figure 30. The spectrum did not change much in the optical transmission with the
increase of precursor concentration. The optical transmission in the visible region (380
— 780 nm) was approximately > 90%.

Figure 31 illustrates the variation of the optical transmission spectrum of spin-
coated SnO; films on SLG substrates using SnCl>.2H>O dissolved in ethanol on
different precursor concentration. The results show that the 0.5 M of SnO: solution
owns the highest optical transmission of 90% followed by 0.1 M (88%) and 0.2 M
(85%) of SnO- solution.
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Figure 30 Optical transmission spectrum of spin-coated SnO; film on SLG substrates
using SnCls.5H20 dissolved in IPA with varying precursor concentration while keeping

spin speed at 3000 rpm for 40 s and annealing on a hotplate at 200 °C for 60 min.
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Figure 31 Optical transmission spectrum of spin-coated SnO> film on SLG substrates
using SnCl>.2H.O dissolved in ethanol with varying precursor concentration while
keeping spin speed at 3000 rpm for 40 s and annealing on a hotplate at 200 °C for 60

min.
4.2 Characteristics of sputtered SnO films

4.2.1 The surface morphology of sputtered SnO; films

FESEM image of surface morphology of sputtered SnO; films on SLG substrate
shows very smooth surface as shown in Figure 32. However, the FESEM images show
no difference between SnO: films and SLG substrates. The sputtered SnO- films on
SLG substrate show some small grains on some area of surface as seen in the AFM
images. AFM images of SnO; films fabricated with 90 W sputtering power shows more
uniform grains than that of 60 W as shown in Figure 33 and Figure 34. The rms
roughness of the SLG substrate was 2.08 £ 0.20 nm. In order to study the effect of
sputtering power on the sputtered SnO: films, the rms roughness of 60 W RF sputtering
power with 40 nm thickness of SnO> films on SLG substrate was 3.35 + 0.15 nm and
80 nm thickness of SnO> films on SLG substrate was higher at 5.27 + 0.15 nm. The
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SnO; film was deposited with 90 W RF sputtering power, which thickness of 35 nm,
yielded rms roughness of 5.96 + 0.15 nm.

1 um

Figure 32 FESEM image shows smooth surface morphology of sputtered SnO> film on
SLG substrate.

18.5 nm

15.0
10.0

5.0

Figure 33 AFM images of 60 W RF sputtering power with (a) 40 nm and (b) 80 nm

thickness of SnO- films on SLG substrates.
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Figure 34 AFM image of 90 W RF sputtering power with 35 nm thickness of SnO>

films on SLG substrate.

4.2.2 The optical transmission spectrum of sputtered SnO; films

The optical transmission of the sputtered SnO> films on SLG substrates was
greater than 85% in the range from 400 nm to 1100 nm as shown in Figure 35. The high
transmission in the visible region (380 — 780 nm) offers a better photon passing to the
perovskite absorber. The SnO- film deposited by RF sputtering techniques was found

to have the band gap energy (E) about 4.2 eV.
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Figure 35 Optical transmission spectrum of the sputtered SnO- film on SLG substrates.
4.3 Properties of perovskite solar cells (PSCs)

4.3.1 Characteristics of perovskite absorber layers

Figure 36 shows the perovskite absorber deposited on FTO substrates by the
two-step spin-coating method. It can be seen that the perovskite crystals are quite
uniform. The shape of perovskite crystal is cuboid, with grain size of approximately
100 nm. The FESEM cross-section image (Figure 37) shows that the thickness of
perovskite absorber was about 400 nm. The optical transmission of MAPbI3 perovskite

layers on FTO substrates is shown in Figure 38. The band gap energy (E,) of perovskite

absorber was calculated using the Tauc equation (9):

1
ahv = A(hv — E,)2
where A is constant, and hv is the photon energy. The value of E, was obtained from

the plot between (ahv)? and hv and extrapolation from linear section of the curve to
zero on the photon energy axis as shown in Figure 39. For the calculation, the optical

band gap of perovskite absorber was about 1.6 eV.
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Figure 36 FESEM image of surface morphology of perovskite absorber layers by two-
step spin-coating method.

Figure 37 FESEM image of cross-section of perovskite absorber layers on FTO

substrates.
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Figure 38 Optical transmission spectrum of perovskite absorber layers by two-step

spin-coating method.

0.000035

0.00003

0.000025 +

0.00002

=
s
O
~— 0.000015 + y = 6.09E-04x - 9.73E-04

0.00001 +

0.000005

0

16 1.61 1.62 1.63 1.64 1.65 1.66
hv (eV)

Figure 39 Tauc plot of perovskite absorber layers by two-step spin-coating method.
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4.3.2 J-V characteristics of spin-coated SnO> films as ETLs

Figure 40 illustrates the cross-section FESEM image of a complete PSCs using
the spin-coated SnO; films. It can be seen that the device consists of 700 nm of FTO
layer, 60 nm of SnO. layer, 400 nm of perovskite absorber layer, 100 nm of Spiro-
OMeTAD layer, and 120 nm of Au metal electrode layer.

Figure 40 FESEM image of cross-section of a complete PSCs with SnO; by spin-

coating method.

In this study, the thickness of SnO; films by spin-coating was considered by
varying spin speed. The thickness increases as the spin speed decreases, and vice versa.
The J-V curves of PSCs by spin-coating of SnO2 were compared by varying spin speed
from 2000 rpm to 5000 rpm (Figure 41). The results show that the cell performance
decreases as the spin speed increases. The thin SnO; films promoted the direct contact
between FTO and perovskite absorber and caused the Jsc and FF to be reduced. In
addition, Figure 42 shows the J-V curves of PSC based on spin-coated SnO; films with
different precursor concentration using SnCls.5H.0O dissolved in IPA (0.1, 0.15, 0.2,
0.25, and 0.5 M), which fixed spin speed (3000 rpm) and annealing temperature. The

thickness increases as the precursor concentration increases. The device performance
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decreases as the precursor concentration increases that the fill factor was decreased as
a result of the thick SnO- coatings affecting the high series resistance (Rseries). The best
performance for spin-coated SnO> films was obtained from 60 nm thick SnO», using
spin speed at 3000 rpm for 40 s, and 0.15 M SnCl4.5H,0 dissolved in IPA. The best
device achieved PCE of 12.9% with Vo of 1.04 V, J of 18.4 mA/cm?, and fill factor
of 0.63. Table 5 summarizes the photovoltaic parameters of PSCs based on spin-coated

SnO:; films as ETLs with different spin speed and precursor concentration.

30

Device area : 0.2 cm? 2000 rpm
< 25 ——3000 rpm
o
E 20 - 1999, 4000 rpm
= "% *—5000 rpm
15 1 0.4
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Figure 41 J-V curves of PSCs based on spin-coated SnO. films with different spin
speed; SnCls.5H,0 dissolved in IPA (0.15 M), annealing temperature at 200 °C for 60

min in air.
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Figure 42 J-V curves of PSCs based on spin-coated SnO films with different
SnCls.5H20 solution concentration; SnCls.5H-0 dissolved in IPA, spin speed of 3000

rpm for 40 s, and annealing temperature at 200 °C for 60 min in air.

Table 5 Photovoltaic parameters of PSCs with spin-coated SnO; films as ETLs with

different spin speed and SnCls.5H.0 solution concentration.

Substrate i s FF PCE
(V) (mA/cm?) (%)

Spin speed/time
2000 rpm/40 s 1.03 16.0 0.54 9.0
3000 rpm/40 s 1.04 18.4 0.68 12.9
4000 rpm/40 s 0.94 18.4 0.60 10.4
5000 rpm/40 s 0.82 17.6 0.42 6.1

Concentration
0.1 M 0.85 18.0 0.51 7.8
0.15 M 1.04 18.4 0.68 12.9
0.2M 0.90 18.1 0.62 10.2
0.25 M 0.88 16.8 0.62 9.2
05M 0.81 10.5 0.55 4.7
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4.3.3 J-V characteristics of sputtered SnO> films as ETLs

In this work, the normal planar structure of PSCs was fabricated using sputtered
SnO: films as ETLs (Figure 43). Figure 44 shows the cross-section FESEM image of a
complete PSC using the sputtered SnO- films. It can be seen that the device consists of
about 700 nm of FTO layer, 35 - 40 nm of SnO: layer, 400 nm of perovskite absorber
layer, 100 nm of Spiro-OMeTAD

layer, and 120 nm of Au metal electrode layer.
I

0 e
i

........................
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Figure 43 Photograph of a complete PSCs with SnO. by RF sputtering techniques.

Spiro-OM eTAD

Perovskite

» SN0y

Figure 44 FESEM image of cross-section of a complete PSCs with SnO, by RF

sputtering techniques.
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The thicknesses of SnO- films with different deposition time were measured by
Dektak>ST surface profiler as shown in Table 6. Figure 45 shows the J-V curves of the
sputtered SnO- films with different deposition time from 52 min to 210 min. In this
work, it can be seen that the best device was obtained from 35 - 40 nm thick SnO; with
deposition time of 105 min with champion PCE of 17.7%, V. of 1.03 V, Jsc of 27.4
mA/cm?, and fill factor of 0.63. The thin SnO. films could not prevent the carrier
recombination at interface of FTO and perovskite absorber.

The J-V curves of the sputtered SnO> films were compared with different
sputtering power (50, 60, 90, 120, and 150 W). It was shown in the J-V curves in Figure
46 that the performance of PSCs become worsen with increasing RF sputtering power.
The main reason is that the sputtering power affects the film density that the
inhomogeneous SnO. layer exhibited the recombination at SnO, and perovskite
absorber interface and caused the fill factor to be reduced.

In order to investigate the effect of Ar sputtering gas pressure on the device
performance. The complete devices were fabricated on the sputtered SnO; films under
various Ar gas pressure (1 x 1073, 3 x 103, and 6 x 10~ mbar) while keeping O, gas
pressure at 1.5 x 10~* mbar. As shown in figure 47, with decreasing the Ar gas pressure,
the device performance was gradually improved. The best device was obtained when
the RF sputtering power was 60 W and the Ar gas pressure was 1 x 10~ mbar, showing
high Vo of 1.03 V, Jc of 27.4 mA/cm?, fill factor of 0.63, and PCE of 17.7%. The
increase in Ar gas pressure results in the decrease of mean free path, leading to the
increase in the deposition time to achieve the optimum thickness about 35 - 40 nm. In
addition, decreasing the thickness of SnO: layer corresponded to increasing of sheet
resistance. The detailed photovoltaics parameters of PSCs based on sputtered SnO;

films as ETLs were listed in Table 7.



Table 6 The thicknesses of SnO> films with different deposition time.
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Deposition time Approximate thickness
(min) (nm)
52 21 -30
105 35 - 40
150 47 - 55
210 70 - 98
40
Device area : 0.06 cm? 52 min
—105 min
30 1 ——150 min
—210 min
17.7%

Current density (mA/cm?)
N
o

9.6%
10 | 6.2%
0 T T T T T
0 0.2 0.4 0.6 0.8 1
Voltage (V)

1.2

Figure 45 J-V curves of PSCs based on sputtered SnO; film with different deposition
time; RF sputtering power of 60 W and Ar gas pressure of 1 x 10~ mbar with O gas

partial pressure of 1.5 x 10* mbar.
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Figure 46 J-V curves of PSCs based on sputtered SnO, film with different RF
sputtering power; Ar gas pressure of 1 x 10~ mbar with O gas partial pressure of 1.5

x 104 mbar.
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Figure 47 J-V curves of PSCs based on sputtered SnO; film with different Ar gas

pressures; RF sputtering power of 60 W and O gas partial pressure of 1.5 x 10~ mbar.



65

Table 7 Photovoltaic parameters of PSCs with sputtered SnO; films as ETLs.

Substrate Vor I i PCE
V) (mA/cm?) (%)

Deposition time
52 min 0.93 25.8 0.49 11.7
105 min 1.03 27.4 0.63 17.7
150 min 0.88 21.7 0.50 9.6
210 min 0.92 17.2 0.39 6.2

RF sputtering power

50 W 0.95 12.3 0.62 7.2
60 W 1.03 27.4 0.63 17.7
90 W 1.00 26.0 0.50 12.9
120 W 0.90 25.2 0.57 12.9
150 W 0.74 20.3 0.55 8.2

Ar gas pressures
1 x 10 mbar 1.03 27.4 0.63 17.7
3 x 10 mbar 0.74 21.0 0.58 9.0
6 x 10 mbar 0.70 20.5 0.56 8.0

4.3.4 J-V characteristics of TiO2 films as ETLs

For comparison, the normal mesoporous structure of PSC was fabricated using
spin-coated cp-TiO2 and mp-TiO2 as ETLs. The device consists of about 700 nm of
FTO layer, 50 nm of cp-TiO2 layer, 300 nm of mp-TiO- layer, 400 nm of perovskite
absorber layer, 100 nm of Spiro-OMeTAD layer, and 120 nm of Au metal electrode
layer. The J-V curves of the champion PSCs based on spin-coated cp-TiO2/ mp-TiO2
and sputtered SnO are both shown in Figure 48. The results show that the device using
compact and mesoporous TiO> layers as ETLs achieved a PCE higher than 19.0%, a
Voc 0f 1.07 V, a Jsc 0f 25.3 mA/cm?, and a fill factor of 0.70. In comparison, the results
show that the sputtered SnO> as ETL achieved a lower PCE of 17.7%, a Voc 0f 1.03 V,
a Jsc of 27.4 mA/cm?, and fill factor of 0.63. Moreover, the spin-coated cp-TiO2/ mp-

TiO: layers exhibited low series resistance (Rseries) and high shunt resistance (Rshunt).
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Table 8 summarizes the photovoltaic parameters of PSCs based on spin-coated cp-TiO2/

mp-TiOz and sputtered SnO; layers as ETLs.
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w
o
I

—— spin-coated TiO,

— sputtered SnO,

E
L
£
> 19.0%
@ 20 17.7%
(4]
o
I=
o
5 10 -
@)
0 T T T T T
0 0.2 04 0.6 0.8 1
Voltage (V)

1.2

Figure 48 J-V curves of the champion devices based on spin-coated cp-TiO2/ mp-TiO2

and sputtered SnO- films of PSCs.

Table 8 Photovoltaic parameters of the champion PSCs based on spin-coated cp-TiO2/

mp-TiO2 and sputtered SnO; films.

Device structure Vor Jse FF PCE Rseries Rsfunt
(V) | (mA/cm?) (%) | (R/cm?) | (R/cm?)
Spin-coated
Pm coate . 1.07 25.3 0.70 19.0 2.06 554.2
cp-TiO2/ mp-TiO2
Sputtered SnO> 1.03 27.4 0.63 17.7 2.49 281.0




CHAPTER V
CONCLUSTION

This research presents the physical properties of SnO2 as ETL prepared by spin-
coating and RF magnetron sputtering process and their effects on the performance of
planar perovskite solar cells (PSCs)

The fabrication of SnO: film by spin-coating method utilized SnCls.5H,0 and
SnCl.2H,0O precursors. The morphology of the spin-coated SnO> shows some
particulates from recrystallization of SnO; precursor on SLG substrates as investigated
by FESEM. This results affect the uniformity of the films. The decent SnCls.5H,0
precursor concentrations were 0.15 M with the spin speed of 3000 rpm for 40 s and
annealing temperature at 200 °C for 60 min in air. This gave a thickness of SnO; layer
of approximately 60 nm. The best device achieved PCE of 12.9%, V. 0of 1.04 V, Js; of
18.4 mA/cm?, and fill factor of 0.68. However, wet chemical processes were avoided
to minimize the particulates from recrystallization of SnO2 precursor. This also leads to
uneven surface of the ETL layer.

The results suggested that the sputtered SnO- films showed very smooth surface
as investigated by FESEM. The smoother surface should be beneficial to the light
transmission and device performance. AFM images of SnO; films fabricated with 90
W sputtering power showed more uniform grains on SLG substrates. This results in the
increase of the surface area leading to the increase of photo-generated currents in PSCs.
The best condition was obtained when the RF sputtering power was 60 W and the Ar
gas pressure was 1 x 103 mbar with O, gas partial pressure of 1.5 x 10 mbar. This
gave the optical transmission of SnO- layer of approximately 85 - 90% in the visible
region. It was found that the device delivered Vo of 1.03 V, Jsc of 27.4 mA/cm?, fill
factor of 0.63, and PCE of 17.7%. The band gap energy (E,) of SnO, was approximately
4.2 eV. The optimum thickness of SnO- layer was 35 - 40 nm. The thickness of ETL
can affect the device performance essentially. 1f the ETL is too thick, the device will
have too high series resistance, which will reduce the Jsc and FF of the device. If the
ETL is too thin, there is a more likely of direct contact between FTO and perovskite

absorber, which will can cause more carrier recombination.
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Lastly, the PSCs in this work were fabricated and compared for the performance
of PSCs using SnO; and TiO- as ETLs. It was found that spin-coated cp-TiO2 and mp-
TiO2 based devices for mesoporous PSCs were demonstrated to have slightly better
device performance than sputtered SnO> based devices for planar PSCs. However, TiO>
has some limitations for PSCs, such as it needs high temperature process, yields low
electron mobility, and sensitive to UV illumination. Therefore, SnO: is easy preparation
at low temperatures and is more stable under UV light than TiO».

Despite the fact that the sputtered SnO> based devices outperformed spin-coated
SnO; based devices, there are some rooms to improve the performance of PSCs based
on the sputtered SnO,. It is worth to noting that the SnO films fabricated by RF
magnetron sputtering techniques may be improved to achieve higher PCE by
optimizing other sputtering parameters such as varying O partial pressure ratio
(O2:Ar), substrate temperature, annealing after sputtering, etc.
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