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Abstract

Light management through the incorporation of photonic structures is a promising,
yet largely unrealized, path for reducing optical losses in perovskite solar cells (PSCs).
The theoretical light-trapping effect of such structures can benefit the power conversion
efficiency (PCE) of PSCs through gains in photocurrent density (JPH), thanks to longer
optical lengths and decreased reflection losses, and in open circuit voltage (VOC) through
photon recycling.

Computational studies have corroborated the efficiency gains from the inclusion of
light-trapping structures in PSCs, emphasizing the importance of conformal deposition of
the device layers in order to achieve maximum PCE. While colloidal lithography has been
demonstrated to be a viable and scalable technique for the fabrication of the structured
layers, namely on the substrate and front electrode, the issue of achieving a conformal
and compact charge transport layer remains.

In this work, we demonstrate the fabrication of proof-of-concept perovskite solar
cells with a conformal layer of SnO2 electron transport layer deposited on top of indium
tin oxide (ITO) light-trapping structures manufactured via colloidal lithography, using
radio-frequency magnetron sputtering.

These experimental devices achieved a top efficiency of 7.41 % (Voc = 0.85 V, Jsc

= 18.07 mA/cm2, FF = 48.17 %) for a light-trapping substrate fabricated with 0.9 µm
polystyrene spheres, with 100 nm ITO planar layer and 150 nm structured ITO layer, that
while inferior to the planar benchmark developed with commercial ITO and sputtered
SnO2 (12.4 % PCE, with Voc = 1.00 V, Jsc = 19.8 mA/cm2 and FF = 62.4 %), proved the
viability of the approach pursued in this work. Exploiting the potential of sputtered SnO2

as a low-temperature electron transport material, we also demonstrated its use on flexible
PET substrates, achieving a PCE of 9.54 % (Voc = 0.89 V, Jsc = 21.61 mA/cm2, FF = 49.3 %).

Keywords: Photovoltaics, Light Management, Colloidal Lithography, Perovskite Solar
Cells, RF Magnetron Sputtering

iv



Resumo

A gestão de luz através da incorporação de estruturas fotónicas é um caminho promis-
sor para reduzir as perdas óticas em células solares em perovskite (CSPs), mas maioritari-
amente por concretizar. O efeito teórico de aprisionamento de luz de tais estruturas pode
beneficiar a eficiência das CSPs através de aumentos na densidade de fotocorrente (JPH),
graças a comprimentos óticos superiores e redução das perdas por refleção, e na tensão
de circuito aberto (VOC) através da reciclagem de fotões.

Estudos computacionais corroboraram os ganhos de eficiência pela inclusão de estru-
turas fotónicas em CSPs, destacando a importância da deposição conformal das camadas
do dispositivo para atingir a máxima eficiência. Embora a litografia coloidal tenha de-
monstrado ser uma técnica viável e escalável para a fabricação das camadas estruturadas,
nomeadamente ao nível do substrato e elétrodo frontal, o problema de produzir uma
camada de transporte de cargas compacta e conformal permanece.

Neste trabalho, demonstramos uma prova de conceito para a fabricação de células
solares em perovskite com uma camada de transporte de eletrões conformal de SnO2

depositado sobre estruturas fotónicas de óxido de índio e estanho (ITO) produzidas
através de litografia coloidal, com recurso a pulverização catódica (sputtering).

Estes dispositivos experimentais atingiram uma eficiência máxima de 7.41 % (Voc =
0.85 V, Jsc = 18.07 mA/cm2, FF = 48.17 %) para substratos com estruturas fotónicas fabri-
cadas com esferas de poliestireno de 0.9 µm, com 100 nm de ITO planar e 150 nm de ITO
estruturado, que embora inferiores à referência planar desenvolvida com ITO comercial e
SnO2 depositado com sputtering (12.4 % PCE, com Voc = 1.00 V, Jsc = 19.8 mA/cm2 e FF =
62.4 %), demonstraram a viabilidade da abordagem estudada neste trabalho. Explorando
o potencial do SnO2 depositado por sputtering como um material de transporte de eletrões
processado a baixa temperatura, demonstrou-se também a sua utilização em substratos
flexíveis de PET, atingindo uma eficiência de 9.54 % (Voc = 0.89 V, Jsc = 21.61 mA/cm2, FF
= 49.3 %).

Palavras-chave: Fotovoltaica, Gestão de Luz, Litografia coloidal, Células solares em pe-
rovskite, Pulverização catódica
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1

Motivation and Objectives

In early 2022, the global solar energy capacity crossed the 1 TW milestone, following
a record growth of 24 % with respect to 2021. In spite of an unprecedented increase in
the Levelized Cost of Energy (LCOE) as a result of post-pandemic supply chain issues
and global economic inflation, solar energy remains among the cheapest energy sources
($60/MW h in 2023) and is projected to grow as much as 43 % in the current year [1, 2].

These trends, spurred by technology and policy developments in the domain of
photovoltaics over the last twenty years, cement the key role of solar power in the effort
toward a global energy transition.

Currently, crystalline silicon (c-Si) technologies make up over 95 % of the market share
for PV modules. With commercial efficiencies of over 22 % [3], c-Si modules are a mature
PV technology, estimated to retain up to 80 % of efficiency over a 40 year lifespan [4].
Despite their long-standing domination over the PV market, conventional c-Si cells are
limited by the availability of silicon metal — an energy-intensive raw material, classified
as critical by the European Union since 2014 [5] —, rigid geometry of the modules, and
environmental impact of their production [6].

Thin-film solar cells are a PV technology which seek to address the limitations of c-Si
cells, offering high power conversion efficiency (PCE) at a low cost per watt, thanks to
reduced material usage, innovative semiconductors, and roll-to-roll processing techniques.
Thin-film technologies are compatible with flexible and lightweight applications, clearing
the way for the easy integration of PV cells in buildings, textiles and vehicles [7, 8].

Among this new generation of solar cells, perovskite solar cells (PSCs) are seen as one
of the most promising thin-film PV technologies currently under development. Since the
first reported use of lead halide perovskites in a dye-sensitized solar cell by Kojima et al.
(2009) [9], the efficiency of PSCs has steadily risen to a record 26.1 % by July 2023, rivalling
the state-of-the-art silicon cells [10].
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CHAPTER 1. MOTIVATION AND OBJECTIVES

Thanks to simple manufacturing via solution-based, low-temperature processes, per-
ovskite solar cells are suitable for use in a variety of rigid and flexible substrates [11]. With
tunable bandgaps between 1.3 and 2.3 eV [12], PSCs also show great promise for use as
top cells in Si-tandem solar cells, allowing for theoretical PCEs of over 45 % [13], well in
excess of the Shockley-Queissner limit of ∼32.9 % for a single-junction cell [14].

Both in single-junction PSCs and Si/perovskite tandems, effective light management
is crucial to address optical losses, which account for an estimated 11 % of energy losses
in PSCs [15].

Colloidal lithography (CL) has been shown to be an attractive method for the scalable
fabrication of light-trapping structures at low temperatures compatible with flexible
substrates [16]. Such structures are an interesting solution for light management in PSCs,
with Haque et al. (2020) computationally demonstrating a 22.8 % increase in 𝐽𝑃𝐻 by the
inclusion of photonic ITO structures in a superstrate n-i-p configuration PSC with SnO2

as the electron transport layer (ETL), when compared with an optimized planar cell [17].

The strive to incorporate such structures in PSCs poses an additional challenge: assur-
ing a conformal deposition of both the charge transport layer and the perovskite absorber
layer over the structured substrate.

In this work, we aimed to resolve this challenge by growing a conformal layer of
SnO2 on top of ITO light-trapping structures manufactured via CL, using magnetron
sputtering. The ultimate goal was the manufacturing of proof-of-concept perovskite solar
cells with light-trapping structures (Figure 1.1), creating a path for future optical and
efficiency gains through light management. Exploiting the potential of sputtered SnO2 as
a low-temperature ETL, we also aimed to demonstrate its use on flexible PET substrates.

Figure 1.1: Proposed architecture of the proof-of-concept PSC with LT structures.

2



2

Introduction

2.1 Perovskite solar cells

In 2009, Kojima et al. reported the first use of lead halide perovskites in a dye-sensitized
solar cell, with a power conversion efficiency of 3.81 % [9]. The landmark paper of Lee at al.
(2012) demonstrated the first instance of a solid-state perovskite solar cell as we recognize
them today, using mesoporous TiO2 and spiro-OMeTAD as charge transport layers and
achieving up to 10.9 % efficiency [18].

Over the last decade, the PCE of perovskite solar cells has more than doubled, with
reports of 26.1 % efficiency for a single-junction device and 33.7 % in a tandem cell [10].
The growing interest by the scientific community can be explained by the favourable
optoelectronic properties of perovskites — a direct bandgap which can be tuned in a
wide range (1.3 - 2.3 eV) by altering its chemical composition [12], high optical absorption
coefficient, high charge mobility, long carrier diffusion lengths, good defect tolerance and
low surface recombination rate — and easy deposition via wet chemical methods such as
spin-coating [19, 20].

Figure 2.1: Generic structure of a cubic perovskite, highlighting each atom (left), and the
BX6 octahedral network with A atoms (right). Taken from Akkerman & Manna (2020) [21].

3



CHAPTER 2. INTRODUCTION

From a material point of view, the term “perovskite” denotes a structural family of
crystalline compounds similar to calcium titanate, perovskite (CaTiO3), bearing the generic
formula ABX3 (where A and B are cations and X is an anion). The ideal cubic perovskite
structure is described as consisting of corner-sharing [BX6] octahedra (Figure 2.1), though
more commonly the crystal structure shows some degree of distortion [22].

Goldschmidt’s tolerance factor, t, provides an estimate of the degree of distortion (and
indirectly, the tendency to form the perovskite structure). The tolerance factor is given by
Equation 2.1, where 𝑅𝐴, 𝑅𝐵 and 𝑅𝑋 are the ionic radiuses of each species. It is generally
understood that 0.77 < t < 1.05 in a stable perovskite structure [23].

𝑡 =
(𝑅𝐴 + 𝑅𝑋)√
2 (𝑅𝐵 + 𝑅𝑋)

(2.1)

Perovskites are notable for being able to accommodate relatively large cations within
their structure, including small organic ions, allowing for the synthesis of hybrid organic-
inorganic perovskite materials. Methylammonium (MA, CH3NH3+) and formamidinium
(FA, HC(NH2)2+) are the most widely researched organic cations for lead halide perovskite
solar cells [24].

Most perovskite solar cells comprise five basic components: a metal-based electrode, a
hole transport layer (HTL), a light absorbing layer, an electron transport layer (ETL), and
a transparent conductive oxide [25]. Figure 2.2 illustrates the three most common PSC
architectures.

Figure 2.2: Schematic illustration of the three most common PSC architectures (planar
n-i-p, mesoporous n-i-p and inverted p-i-n). Adapted from Sławek et al. (2021) [26].
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2.2. LIGHT MANAGEMENT IN PSCS

Despite the favorable optoelectronic properties of lead halide perovskites, their chemi-
cal instability is a limiting factor forPSCs. The most concerning mechanisms of degradation
are moisture-induced instability, thermal decomposition, and UV exposure. Oxygen expo-
sure by itself is not considered harmful, only becoming evident when the PSC is exposed
to light [27]. A wide range of encapsulation strategies have been proposed to address these
issues, essentially based on insulating the cell from the environment through polymeric
sealants [28].

2.2 Light management in PSCs

In achieving high conversion efficiency in PSCs, a trade-off emerges between privi-
leging photocarrier generation by effective absorption of light (favoring thicker layers of
perovskite material), and ensuring high carrier collection efficiency through low recombi-
nation rates (which requires thinner perovskite films) [29].

Light-trapping strategies present a way of effectively increasing the optical thickness of
the absorber layers without hindering charge collection, making them a desirable solution
for improving PSC efficiency. This is especially true for tandem solar cells, where the large
number of layers and the disparity between their refractive indices typically results in
large optical losses from reflection and parasitic absorption [30].

Proper light management can yield gains in both 𝐽𝑃𝐻 , due to an increase in the effective
optical length and decreased reflection losses, and in 𝑉𝑂𝐶 , thanks to the phenomenon
of photon recycling — photons emitted by radiative recombination can be trapped and
reabsorbed in the photoactive layer [31, 32].

Figure 2.3: Two types of photonic-patterned substrates studied by Haque et al. (2020):
conventional substrate configuration (a) and inverted substrate configuration (b). Taken
from Haque et al. (2020) [17].
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CHAPTER 2. INTRODUCTION

Considering this, a great deal of researchers’ attention has been dedicated to the
computational study, simulation and optimization of LT structures on PSCs.

Du et al. (2016) simulated the use of inverted vertical-cone structures, yielding 15 % to
17 % improvements in power conversion efficiency relative to planar geometries [33]. Sun
et al. (2019) analyzed cylindrical nanopillar and nanohole textures manufactured with
different electron transport materials, calculating a 30.48 % enhancement in efficiency of
the optimized cell in comparison with planar architecture [34].

In Tooghi et al. (2020), the authors carried out a numerical study of a perovskite solar
cell on nanostructured silicon substrate producible by etching, with PDMS as an anti-
reflective top coating, predicting a 13.86 % to 18.29 % gain in PCE relative to a planar cell
[35]. The same authors had previously simulated the effect of convex photonic-plasmonic
structures with different levels of layer conformality on PSC performance, finding highly-
conformable layers to yield the best results, with an increase in PCE from 14.62 % (planar)
to 19.54 % (structured) [36]. Haque et al. (2020) studied the effect of photonic ITO structures
in a superstrate n-i-p configuration PSC with SnO2 as the ETL (Figure 2.3), demonstrating
a 22.8 % increase in 𝐽𝑃𝐻 when compared with an optimized planar cell [17].

Among these various LT structures proposed for use within PSCs, only a few have been
completely or partially implemented in an experimental setting. Colloidal lithography
(CL) has been shown to be an attractive method for the scalable fabrication of light-trapping
structures at low temperatures compatible with flexible substrates [16].

Luo et al. (2016) used colloidal lithography to manufacture a corrugated ITO substrate,
on which they deposited PTPD and MAPbI3 layers. While the authors managed to achieve
a corrugated interface between the HTL and the perovskite, SEM cross section images show
that a consistent thickness of HTL could not be achieved by regular solution-processing [37].
Zheng et al. (2016) designed a structured ETL with TiO2 nanobowls arrays via colloidal
polystyrene sphere templates, showing over 3 % improvement in PCE over planar TiO2

ETLs [38]. Hörantner et al. (2015) used a similar technique to produce a TiO2 honeycomb
structure with the goal of controlling the growth of the perovskite film to manufacture
semi-transparent PSCs [39].

In the context of the APOLO project, UNINOVA has also participated in the manufac-
turing of PSCs with photonic IZO structures produced by CL and spin-coated with SnO2.
SEM-FIB images of the finished cells proved spin-coating to be an unsuitable method for
ETL deposition, yielding a layer of uneven thickness, with insufficient coverage of the
photonic structure peaks (see Figure B.1 of Appendix B).

6



2.3. SPUTTERED SNO2 AS AN ETL

2.3 Sputtered SnO2 as an ETL

In PSCs, the electron transport layer fulfills the role of extracting electrons generated in
the absorber layer, simultaneously blocking holes to prevent recombination. The electron
transport material (ETM) must satisfy band alignment with the perovskite layer (Figure
2.4), exhibit high electron mobility [25], as well as high transmittance in the UV-Vis range
to reduce optical losses in the cell [40].

Figure 2.4: Energy level diagram of common materials in PSC manufacturing. Taken from
Wali et al. (2018) [41]

The leading inorganic ETMs are the transparent metal oxides TiO2, SnO2 and ZnO, of
whichTiO2 is the most commonly reported for the manufacture ofPSCs [42]. Its widespread
use is explained by the high efficiencies attainable thanks to high electron injection rates
and better hole blocking [41, 43]. The potential of TiO2 as an ETM is, however, limited
by its low electron mobility (0.1 to 4 cm2/(V s)) [44] and the high fabrication temperature
(∼500 ◦C) that restricts its use to rigid substrates [41]. In this context, SnO2 emerges as
perhaps the most promising alternative to TiO2. SnO2 possesses high electron mobility
(25 to 130 cm2/(V s)) [45], a wider bandgap (∼3.8 eV) [41] which affords high transparency
in visible wavelengths, and the ability to be effectively processed at low temperature [46].

The optoelectronic properties of intrinsic SnO2 are attributed to shallow donor states
close to the conduction band, introducedby interstitial tin atoms (Sni) andoxygen vacancies
(VO), making SnO2 a conductive n-type oxide [47]. While the most common processes
for manufacturing SnO2 ETLs are solution-based, sputtering deposition has proven to
be a promising technique for the fabrication of functional layers in PSCs, thanks to its
scalability, conformality and affordability [48].

Qiu et al. (2019) carried out a study of the performance of sputtered SnO2 as a function
of working gas Ar/O2 ratio, achieving PSCs with up to 20.2 % efficiency [48], and finding
an oxidizing sputtering atmosphere and low-temperature processing to be decisive factors
for ETL quality. Recombination at the perovskite/sputtered SnO2 interface is one of the
most significant obstacles to achieving higher efficiencies. Peng et al. (2023) demonstrated
the use of PCBM as passivating layer for sputtered SnO2, reaching 21.65 % PCE [49].
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3

Materials and Methods

Soda lime glass was sourced from Paul Marienfeld GmbH & Co. KG. ITO-coated
glass (XY15S, 15 W/sq) and ITO-coated PET (XYP30, 30 W/sq) were sourced from Xinyan
Technology LTD. Unless otherwise specified, all reagents were sourced from Sigma-
Aldrich® (Merck KGaA).

The substrates and solutions for PSC manufacturing were prepared according to the
procedure outlined in Appendix A.

3.1 SnO2 deposition

Deposition of the SnO2 electron transport layer was carried out in the homemade
“3-target” RF magnetron sputtering system installed at CEMOP. The 99.99 % purity, 2”
diameter SnO2 target was sourced from Super Conductor Materials, Inc.

The substrates were secured to a 10 x 10 cm soda lime glass, with the target positioned
at a distance of 15 cm from the center of the substrate holder. The chamber was evacuated
down to a pressure of, at least, 5 × 10−6 mbar before initiating the sputtering process.

The working O2 and Ar gas pressures were manually regulated, and plasma ignition
was carried out at 15 W by momentarily closing the gate valve. Once plasma ignition was
achieved, the RF power was ramped up to the desired value at a rate of approximately
1 W/s and the target was pre-sputtered, at the desired deposition conditions, for 15 minutes
in order to remove surface contamination and stabilize the conditions inside the chamber.

The sputtering process was monitored by visual inspection of the plasma and by the
DC voltage bias. After the desired sputtering time, the RF power was ramped down to
zero at a rate of approximately 1 W/s. The chamber was allowed to cool down for 10
minutes under vacuum before repressurization and removal of the substrates.
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3.2. SNO2 ANNEALING

3.2 SnO2 annealing

For the manufacturing of high-temperature processed SnO2, the samples were placed
inside a Nabertherm l3/11/B170 model furnace and heated up to 200 ◦C, 350 ◦C or 500 ◦C
for the course of 1 hour, before annealing at stable temperature for an additional 2 hours.
The substrates were then allowed to cool down naturally to room temperature. The entire
annealing process took place under ambient atmosphere.

3.3 Perovskite solar cell manufacturing

The substrates with the sputtered SnO2 layer were treated with oxygen plasma for
1.5 minutes (planar ITO-coated glass) or 3 minutes (ITO-coated PET and LT structure
substrates) at 70 W and O2 pressure of 0.4 mbar, to improve their surface wettability.

The deposition of the MAPbI3 layer and spiro-OMeTAD HTL was carried out via
spin-coating, inside the glovebox. 135 µL of the MAPbI3 solution were pipetted onto the
substrate, which was spun at 1000 RPM for 10 s and then, at 5000 RPM for 20 s. At around
3 s after the spin coater had reached maximum RPM, the surface was washed with 90 µL
of chlorobenzene anti-solvent. After spin-coating, the perovskite thin films were annealed
at 125 ◦C for 10 minutes on a hotplate.

After the substrates cooled down, the spiro-OMeTAD HTL was deposited at 2000 RPM
for 30 s. 40 µL of spiro-OMeTAD solution were pipetted onto the substrate once it had
reached max RPMs, to prevent damage to MAPbI3 due to reaction with the additives.

To manufacture the back contacts, masks with rectangular 0.1 cm2 patterns were taped
over the film surface and an 80 to 100 nm layer of Au was deposited on top via home-made
e-beam evaporator. The finished perovskite solar cells were stored inside a vacuum-sealed
desiccator (for short-term storage) or inside the glovebox (for long-term storage).

3.4 Characterization

SnO2 thickness was measured in the Ambios XP-Plus 200 Stylus profilometer. UV-
Vis transmittance and reflectance measurements were carried out in the Shimadzu UV
3101PC, using the ISR-260 Integrating Sphere attachment. Resistivity was measured
with the Jandel FPP 5000 four-point probe. XPS-UPS surveys were taken by the Kratos
AXIS Supra instrument. Sessile drop contact angle measurements were made in the
Dataphysics OCA15Plus, using ellipse fitting. Solar cell performance was measured in
Newport’s Oriel® VeraSol solar simulator, under 100 mW/cm2 (1.0 Sun) illumination.
AFM measurements were carried out in the Asylum MFP3D. SEM-EDX measurements
were performed in the Hitachi TM 3030Plus Tabletop. Cross-sectional SEM-FIB images
were taken in the Zeiss Auriga CrossBeam Workstation.
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4

Discussion

4.1 SnO2 ETL and LT structure characterization

4.1.1 Thickness

Current literature indicates that the performance of the electron transport layer in
a PSC is strongly related to its thickness. A thin ETL may lead to insufficient surface
coverage, enabling direct contact between the perovskite and the electrode (with a negative
impact on hole blocking) [50], whilst an excessively thick layer will increase the series
resistance and parasitic light absorption in the cell [51, 52].

Given this, the ability to closely calibrate the thickness of the sputtered SnO2 layer
is an important consideration to optimize the performance of PSCs. In this section, we
will discuss the effect of studied deposition parameters on the growth rate of SnO2 in the
context of the current theoretical knowledge on sputtering deposition.
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Figure 4.1: Growth rate of the SnO2 layer sputtered a) at a fixed pressure of 4 × 10−3 mbar
Ar and varying RF power, and b) as a function of Ar pressure and RF power.
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4.1. SNO2 ETL AND LT STRUCTURE CHARACTERIZATION

In the energy ranges typically used for sputter deposition (40 eV to 1000 eV), the sputter
deposition rate is roughly proportional to the discharge power of the system [53]. When
depositing SnO2 at a fixed Ar pressure of 4 × 10−3 mbar, the growth rate follows the
expected trend, increasing linearly as a function of the RF power (Figure 4.1a) at a rate of
approximately 0.49 Å/(min W).

The effect of the working gas pressure on sputtering yield is typically more complex.
When comparing the growth rates of SnO2 layers deposited at 50 W and 75 W with varying
Ar pressures, an initial increase in sputtering deposition rate can be observed between
2 × 10−3 mbar and 3 × 10−3 mbar, followed by a decrease at 4 × 10−3 mbar (Figure 4.1b).

Similar results have been reported for a variety of sputtered materials, including ITO
[54], titanium-doped indium oxide [55]and AZO [56]. In theoretical terms, the initial rise
in sputter yield as the pressure increases is explained by a higher density of Ar+ ions
capable of sputtering atoms from the target surface; as the pressure increases further, the
mean free path of these ions decreases, reducing the number of collisions with the target
and lowering the sputter yield [56].
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Figure 4.2: Growth rate of the SnO2 layer sputtered at a fixed power of 50 W, with varying
pressure and O2 sputtering gas content.

In metallic targets, the effect of reactive gas content on sputtering rate has a well-
established theoretical model, characterized by a sudden drop in deposition rate when
a critical reactive gas flow is reached, at which point it reacts with the target to form a
compound layer [53].
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CHAPTER 4. DISCUSSION

For the ceramic SnO2 target used in this work, we find that increasing O2 gas content
has a similar (albeit less significant) effect to increasing working pressure. Hippler et al.
(2019) found the energy distribution and pressure dependence of O+ ions to be similar
to Ar+ ions in a O2/Ar gas mixture [57]. In the absence of extensive reactivity between
O2 and the SnO2 target, the effect on the growth rate suggests some level of sputtering
contribution from oxygen ions.

4.1.2 UV-Vis spectroscopy

In a n-i-p superstrate PSC, the optical properties of the ETL have a direct impact on the
performance of the cell, as parasitic absorption limits the spectrum of light that reaches the
perovskite layer. In a wider sense, UV-Vis measurements can provide important insights
into the optoelectronic properties of the ETL, namely its optical bandgap.

In this section, we will compare the UV-Vis spectra of sputteredSnO2 samples deposited
at varying power, Ar pressure and O2 concentration, estimate the optical bandgap via
Tauc plot, and discuss the effect of annealing on the aforementioned properties. All SnO2

samples were deposited on soda lime glass, with an approximate thickness of 40 nm.
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Figure 4.3: UV-Vis spectra of a SnO2 sample deposited at 50 W, 4 × 10−3 mbar Ar (with
T+R+A = 100 %).

Figure 4.3 illustrates the typical UV-Vis spectra measured from the sputtered SnO2

samples, showing high transmittance (> 70 %) over most of the visible range of wave-
lengths and high absorption in the ultraviolet range. A common figure of comparison for
transparent oxides is the transmittance at the solar maximum (∼ 500 nm).
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4.1. SNO2 ETL AND LT STRUCTURE CHARACTERIZATION

We find T500 to be dependent on both RF power and Ar pressure, with highest trans-
mittance measured at 50 W and 3 × 10−3 mbar (Figure 4.4). Likewise, working pressure
and oxygen gas content exhibit a strong effect on T500, showing maximum transmittance
at 4 × 10−3 mbar and 2.43 % O2 (50 W).

In SnO2, the density of oxygen vacancies has a strong effect on the absorption of light
by the film; as such, the results in Figure 4.4 suggest that even a low O2 gas content (< 3 %)
can effectively suppress oxygen vacancies, especially at higher working pressures.
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Figure 4.4: a) Transmittance at 500 nm (T500) for SnO2 samples sputtered a) at varying
power and Ar pressure (with 0 % O2), and b) at varying working pressure and O2 gas
content at a fixed power of 50 W.

The effect of thermal treatment on the transmittance of selected SnO2 samples was also
studied by annealing them for 2 h at 200 ◦C, 350 ◦C and 500 ◦C under ambient conditions.
In Figure 4.5, for samples sputtered under pure Ar gas (S2-S6), we find considerable gains
in T500 as the annealing temperature increases, up to 10 % in samples annealed at 500 ◦C
when compared with the pristine samples. The effect of annealing on SnO2 samples
sputtered in a O2/Ar mixture (S7-S9) is comparatively small (< 3 % increase in T500).

Priyadarshini et al. (2017) has demonstrated that oxygen vacancies in SnO2 films are
suppressed by annealing in the presence of O2 gas [58]. The reduced responsiveness of
O2/Ar-sputtered samples to annealing treatment could thus be attributed to the lower
density of oxygen vacancies available to react with atmospheric O2.

The optical bandgap of the sputtered SnO2 samples can be estimated from their
respective Tauc plots. Since SnO2 is considered a direct bandgap semiconductor, we use
(𝛼ℎ𝑣)2 as the dependent variable (Figure 4.6).

By extrapolating the linear region of the Tauc plot for each sample, we can estimate
the bandgap as the point where the line crosses the x-axis. Figure 4.7 summarizes the
estimated optical bandgap of selected SnO2 samples, before and after annealing.
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Figure 4.5: Transmittance at 500 nm (T500) for selected SnO2 samples, as-deposited and
after annealing for 2 h at 200 ◦C, 350 ◦C and 500 ◦C under ambient atmosphere.
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Figure 4.6: Tauc plot of SnO2 samples sputtered at 50 W, 4 × 10−3 mbar, as-deposited and
after annealing for 2 h at 200 ◦C, 350 ◦C and 500 ◦C under ambient atmosphere.

The calculated bandgaps range from 3.8 eV to 4.06 eV, a value consistent with mea-
surements reported in the literature. Interestingly, for pure Ar-sputtered samples (S2-S6),
annealing results in a significant increase of the optical bandgap, which is accompanied
by a sharp rise in conductivity (see 4.1.3 - Electrical resistance measurements). The rise
in apparent bandgap could therefore be attributable to an increase in charge carrier con-
centration, populating the lowest states of the conduction band (Burstein-Moss shift), as
reported by Park et al. (2014) for ITO and Lyubchyk et al. (2016) for ZnO [59, 60].
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Figure 4.7: Optical bandgap of selected SnO2 samples, as-deposited and after annealing
for 2 h at 200 ◦C, 350 ◦C and 500 ◦C under ambient atmosphere.

4.1.3 Electrical resistance measurements

While the electrical conductivity of the ETL is generically not considered a direct metric
of its performance in a PSC, high resistivity may have a negative effect on the efficiency of
the cell by contributing to its series resistance, making it a relevant factor.

As such, in this section we will briefly analyze the resistivity of various sputtered
SnO2 layers manufactured throughout the work. Table 4.1 summarizes the resistivity
measurements obtained by four-point probe.

Table 4.1: Resistivity of sputtered SnO2 samples obtained by four-point probe measure-
ment.

Sample Power (W) Pressure (mbar) O2 % Treatment Resistivity (Ω cm)
S2 100 4 × 10−3 0 < 500 ◦C Insulating

500 ◦C 0.01
S3 75 4 × 10−3 0 < 500 ◦C Insulating

500 ◦C Insulating
S4 50 4 × 10−3 0 < 500 ◦C Insulating

500 ◦C 0.10
S5 75 3 × 10−3 0 < 500 ◦C Insulating

500 ◦C 0.08
S6 75 2 × 10−3 0 < 350 ◦C Insulating

350 ◦C 0.43
500 ◦C 0.02

S7 50 4 × 10−3 0.25 < 500 ◦C Insulating
500 ◦C 1.93

S8 50 4 × 10−3 1.23 < 500 ◦C Insulating
500 ◦C 0.52

S9 50 4 × 10−3 2.43 < 500 ◦C Insulating
500 ◦C 0.99

S25 50 2 × 10−3 0 < 500 ◦C Insulating
500 ◦C 0.01

S26 50 2 × 10−3 2.43 < 500 ◦C Insulating
500 ◦C 135.40

S30 50 3 × 10−3 2.43 Pristine 0.18
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CHAPTER 4. DISCUSSION

It is important to note that almost every sample∗ was too insulating to be effectively
measured by four-point probe, with their electrical conductivity increasing by several
orders of magnitude when annealed for 2 h at 500 ◦C. For pure Ar-sputtered samples,
the resistivity of these high temperature-processed (HT-SnO2) layers is within the typical
range that has been reported in the literature for several years (10−2 to 10−4 Ω cm) [61].

Equally important is the finding of, at least, one set of sputtering conditions which
reliably produces conductive as-deposited films — S30 (50 W, 3 × 10−3 mbar, 2.43 % O2).
This room temperature-processed (RT-SnO2) layer, in turn, also displays high transmittance
(T500 > 80 %, see 4.1.2 to UV-Vis spectroscopy), making it highly promising for use in PSCs.

Figure 4.8 depicts the relation between the thickness of the deposited SnO2 film and
the resistivity measured. Between 25 nm and 30 nm, we observe a sudden drop in the
resistivity of the layers, which roughly stabilizes at greater thicknesses. Such behavior
has been observed in other sputtered materials, namely Al [62], Au [63] and ITO [64],
being attributable to the coalescence of the islands of sputtered material deposited on the
substrate into an electrically continuous film.
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Figure 4.8: Resistivity of SnO2 samples sputtered at a fixed power of 50 W and 4×10−3 mbar,
with varying thickness, after annealing at 500 ◦C for 2 h.

4.1.4 SEM-EDX imaging

At the beginning of the work, tabletop SEM-EDX measurements were taken of the pla-
nar sputtered SnO2 layers and of the ITO LT structures to assess their rough morphologies,
with the images of the sputtered SnO2 layers on glass showing a compact film deposited
over the surface (Figure 4.9).

∗Pristine or annealed below 500 ◦C
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4.1. SNO2 ETL AND LT STRUCTURE CHARACTERIZATION

Figure 4.9: SEM (left) and EDX (right) mapping of the edge of the SnO2 film sputtered at
50 W, 4 × 10−3 mbar Ar.

In the case of LT structure substrates, the surface presents arrays of honeycomb-
patterned ITO with different orientations (Figure 4.10), comparable to grains in a crystal
lattice. These arrays also exhibit similar defects to atomic crystals, with interstitial and
vacancy-type defects present. Such imperfections typically occur in colloidal lithography
as a result of array mismatch as the templating spheres self-assemble over different areas
of the surface and destabilization of the spheres by Brownian forces [16, 65].

Figure 4.10: SEM image of LT substrate manufactured by colloidal lithography (0.9 µm
PS spheres, with 100 nm ITO planar layer and 150 nm structured ITO layer, 150 s of RIE).
Examples of interstitial (red) and vacancy (blue) type defects highlighted.

4.1.5 XPS-UPS measurements

To study the surface chemistry of the sputtered SnO2 films, XPS surveys of the layers se-
lected for use in PSCs (see 4.2 - PSC manufacturing and characterization) were undertaken,
before and after O2 plasma treatment. Due to technical issues with the equipment utilized,
UPS measurements were only performed on the plasma-treated samples. The spectrum
of the wide XPS surveys can be seen in Figure 4.11, with the resulting quantification in
Table 4.2. Based on their binding energy, the photoelectron peaks present in the survey
can be attributed to four elements: O, C, Sn and Ta.

17



CHAPTER 4. DISCUSSION

Figure 4.11: Wide XPS surveys of the sputtered SnO2 samples, as-deposited (left) and
following O2 plasma treatment (right).

Table 4.2: XPS quantification of sputtered SnO2 samples selected for use in PSCs

Sample Region %At Conc (Pristine) %At Conc (Plasma) Sn:Ox (Pristine) Sn:Ox (Plasma)
50 W, 4 × 10−3 mbar C 1s 20.56 11.90 1.79 1.98

O 1s 50.42 57.98
Sn 3d 28.23 29.22
Ta 4d 0.78 0.9

50 W, 2 × 10−3 mbar C 1s 19.84 10.48 1.76 1.94
O 1s 50.79 58.44
Sn 3d 28.78 30.2
Ta 4d 0.59 0.89

50 W, 4 × 10−3 mbar (2.43% O2) C 1s 21.55 12.9 2.05 1.99
O 1s 51.93 57.1
Sn 3d 25.37 28.65
Ta 4d 1.15 1.34

50 W, 3 × 10−3 mbar (2.43% O2) C 1s 20.91 11.49 1.99 1.96
O 1s 52.15 58.07
Sn 3d 26.17 29.67
Ta 4d 0.76 0.66

50 W, 2 × 10−3 mbar (2.43% O2) C 1s 18.67 11.64 1.93 1.93
O 1s 52.77 57.36
Sn 3d 27.4 29.71
Ta 4d 1.16 1.29

The presence of adventitious carbon is expected in any sample that has been exposed
to the environment, the peak of its 1s orbital being typically used to calibrate the binding
energy of the remaining narrow surveys. In this case, the peak of the C 1s was calibrated
to 284.8 eV (C-C bond) [66] (Figure 4.12). Following treatment, the atomic concentration
of C is reduced by roughly one half, as the O2 plasma removes a large quantity of organic
compounds accumulated on the surface.
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4.1. SNO2 ETL AND LT STRUCTURE CHARACTERIZATION

Evidence for trace amounts of tantalum in the SnO2 layers is an unexpected, yet
plausible finding (Figure 4.12). While, to the best of our knowledge, no Ta-containing
compounds or equipment had been used in the same work environment as the samples,
endogenous contamination from the SnO2 sputtering target also cannot be ruled out. It is
known that Ta and Sn-containing ores are frequently mined together, creating a plausible
pathway for contamination during manufacturing [67]. The SnO2 layers produced in the
course of this work should, thus, be regarded as having a certain level of doping by Ta
atoms, averaging less than 1 % atomic concentration (Table 4.2).

Figure 4.12: Narrow XPS surveys of the sputtered SnO2 samples in the C 1s (left) and Ta
4d (right) regions.

In the O 1s survey, the oxygen signal can be fitted into two fundamental chemical states:
the lattice Sn-O peak at around 530.3 eV and the chemisorbed (Ochem) peak at around
531.5 eV [68]. For most samples, following O2 plasma treatment we see a slightly increase
in the proportion of oxygen chemically bound on the surface, which may likely arise from
the functionalization of the surface by the plasma treatment.

Sample -OH % (Pristine) -OH % (Plasma)

50 W, 4 × 10−3 mbar 42.15 43.57
50 W, 2 × 10−3 mbar 39.65 40.13

50 W, 4 × 10−3 mbar (2.43% O2) 37.75 29.42
50 W, 3 × 10−3 mbar (2.43% O2) 29.41 46.05
50 W, 2 × 10−3 mbar (2.43% O2) 37.68 41.16

Figure 4.13: Deconvolution of the O 1s curve of the 50 W, 4 × 10−3 mbar sample (left) and
the summary of the relative amount of oxygen in the -OH chemical state in each sample
(right).
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CHAPTER 4. DISCUSSION

The Sn 3d narrow surveys show a well-defined feature at approximately 486.6 eV,
corresponding to the nominal binding energy of the SnO2 chemical state [68]. As the
binding energy of SnO2 is relatively close to the binding energy of SnO (485.9 eV), the
narrow survey is not the most adequate to determine the oxidation state of the Sn atoms.

A survey of the valence band reveals the existence of an extra band edge with its peak
at 2 to 2.5 eV, which corresponds to the SnO state [69]; this state is apparent in the SnO2

samples sputtered in the absence of O2 and mostly or completely suppressed in samples
sputtered with 2.43 % oxygen (Figure 4.14). This observation leads us to conclude that
the addition of O2 during sputtering effectively compensates for oxygen deficiency in the
film, a conclusion that is further validated by the ratio of the Sn:O atoms in the wide XPS
survey (Table 4.2). All samples sputtered under an Ar/O2 mixture yielded films with
a stoichiometry close to 1:2, in comparison to pure-Ar sputtered films, which had Sn:O
ratios of 1:1.79 (50 W and 4 × 10−3 mbar) and 1:1.76 (50 W and 2 × 10−3 mbar). It is also
interesting to note that, following treatment with O2 plasma, all films displayed Sn:O
ratios close to 1:2, showing that plasma is capable of oxidizing the surface of the SnO2

layers.

Figure 4.14: Narrow XPS surveys of the sputtered SnO2 samples in the Sn 3d (left) and
valence band (right) regions.

From the UPS spectra of the plasma-treated samples, it was possible to estimate the
work function (Φ) and valence band maximum (VBM) of the SnO2 layers, which are
summarized in the Table 4.3.

Table 4.3: Valence band maximum and work function of the sputtered SnO2 samples
estimated from the UPS spectrum.

Sample VBM (eV) Φ (eV)
50 W, 4 × 10−3 mbar 3.61 4.23
50 W, 2 × 10−3 mbar 3.63 4.23

50 W, 4 × 10−3 mbar (2.43% O2) 3.39 4.33
50 W, 3 × 10−3 mbar (2.43% O2) 3.46 4.29
50 W, 2 × 10−3 mbar (2.43% O2) 3.42 4.33
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4.1. SNO2 ETL AND LT STRUCTURE CHARACTERIZATION

4.1.6 AFM analysis

The roughness of the electron transport layer can affect the performance of PSCs in two
ways: a) high surface roughness can contribute to uneven coverage, potentially allowing
contact between the perovskite and the electrode, and b) rougher surfaces can hinder
the crystallization of the perovskite film. Considering this, AFM scans were performed
on some of the sputtered SnO2 samples on glass, to obtain a general assessment of their
surface (Figure 4.15).

Figure 4.15: AFM scans of SnO2 sputtered at 50 W, 2 × 10−3 mbar) (top) and at 50 W,
2 × 10−3 mbar, 2.43 % O2) (bottom)

Table 4.4 provides a summary of the roughness parameters that describe each of the
scanned surfaces. The RMS roughness is in the typical range reported for SnO2 [70],
corresponding to a smooth surface.

Table 4.4: Summary of AFM surface roughness parameters.

Sample RMS Roughness (nm) Mean Roughness (nm) Minimum (nm) Maximum (nm)
50 W, 2 × 10−3 mbar 0.569 0.454 -2.544 3.159

50 W, 2 × 10−3 mbar, 2.43 % O2 0.729 0.574 -2.681 4.239

4.1.7 Contact angle measurements

The wettability of the electron transport layer has been known to play an important
role in the performance of the PSC, as highly-wettable surfaces can assist in the formation
of a pinhole-free, high-quality perovskite layer [71]. To study the effect of annealing on
the SnO2 surface, the contact angle was measured immediately after cooldown, via sessile
drop assay.
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CHAPTER 4. DISCUSSION

In Figure 4.16a, the sharp drop in contact angle following high temperature (500 ◦C)
annealing becomes apparent, with the SnO2 surface becoming highly hydrophilic. Indeed,
the hydrophilicity of freshly-annealed samples could be so extreme as to preclude accurate
measurement of the contact angle, often achieving contact angles of under 5◦ in around
300 ms (Figure 4.16b).
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Figure 4.16: Contact angle of sputtered SnO2 samples, as-deposited and after annealing for
2 h at 200 ◦C, 350 ◦C and 500 ◦C under ambient atmosphere (left).Composition of frames
from the sessile drop assay conducted on SnO2 sample sputtered at 75 W and 2×10−3 mbar,
captured at 25 frames per second (right).

In sputtered TiO2 films, the wetting behavior of the surface is believed to be influenced
by a concentration gradient of mobile oxygen vacancies (VO) across the film. When
moving to the surface, VO catalyze the hydroxylation of partially-uncoordinated metal
ions by H2O molecules; the hydroxyl groups, in turn, enhance the hydrophilic properties
of the surface through increased Van der Walls and hydrogen-bonding interactions [72].
A similar mechanism may be responsible for the observed wetting properties of the SnO2

samples, with high-temperature annealing leading to increased VO mobility and so, more
extensive hydroxylation and wetting of the surface.

4.2 PSC manufacturing and characterization

4.2.1 Rigid planar PSCs with HT-SnO2

The first prototype planar cells were manufactured on ITO-coated glass substrates
using SnO2 layers sputtered at 50 W and 4×10−3 mbar Ar, annealed at 500 ◦C for 2 h. These
sputtering conditions were selected based on the high transmittance and conductivity
post-annealing (see 4.1.2, 4.1.3).

In order to assess the effect of ETL thickness and concentration of the MAPbI3 solution
on the performance of the PSCs, several batches of solar cells were prepared with SnO2

thicknesses between 30 and 60 nm and MAPbI3 concentrations of 1 M and 1.2 M. Figure
4.17 reflects the key solar cell performance figures as function of these parameters.
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Figure 4.17: Electrical performance of PSCs with varying thicknesses of sputtered SnO2
ETL deposited at 50 W, 4 × 10−3 mbar (annealed at 500 ◦C for 2 h).

The effect of MAPbI3 concentration is evident across every figure, with PSCs man-
ufactured using 1.2 M solution of MAPbI3 yielding higher Voc, Jsc, PCE, and better or
comparable fill factor (FF). This effect is especially significant for lower thicknesses of
SnO2; as a matter of fact, the cells manufactured with 30 nm-thick SnO2 and 1 M MAPbI3

solution were non-functional and no IV curve could be measured to extract the relevant
performance figures.

The thickness of the electron transport layer is shown to also have a significant effect
on the performance of the PSCs. The highest efficiency cells in this experiment were
manufactured using a 40 nm layer of SnO2, with a maximum PCE of 8.17 % (Voc = 0.87 V,
Jsc = 23.24 mA/cm2, FF = 40.4 %). It is interesting to note that voltage loss is the primary
cause of efficiency drop at higher thicknesses, in spite of greater fill factors being observed
for 50 nm and 60 nm — we may conjecture that while these larger thicknesses of SnO2

possess more effective hole-blocking capacity, in terms of power conversion efficiency, this
factor is outweighed by bulk recombination in the SnO2 film.

23



CHAPTER 4. DISCUSSION

0 % 2 . 4 4 % 0 % 2 . 4 4 %
2 x 1 0 - 3  m b a r 4 x 1 0 - 3  m b a r

0 . 0
0 . 1
0 . 2
0 . 3
0 . 4
0 . 5
0 . 6
0 . 7
0 . 8
0 . 9
1 . 0
1 . 1

V o
c (V

)

0 % 2 . 4 4 % 0 % 2 . 4 4 %
2 x 1 0 - 3  m b a r 4 x 1 0 - 3  m b a r

0 . 0
2 . 5
5 . 0
7 . 5

1 0 . 0
1 2 . 5
1 5 . 0
1 7 . 5
2 0 . 0
2 2 . 5
2 5 . 0

J sc
 (m

A/c
m2 )

0 % 2 . 4 4 % 0 % 2 . 4 4 %
2 x 1 0 - 3  m b a r 4 x 1 0 - 3  m b a r

3 0

3 5

4 0

4 5

5 0

5 5

6 0

6 5

7 0

Fil
l F

ac
tor

 (%
)

0 % 2 . 4 4 % 0 % 2 . 4 4 %
2 x 1 0 - 3  m b a r 4 x 1 0 - 3  m b a r

0
1
2
3
4
5
6
7
8
9

1 0

PC
E (

%)

Figure 4.18: Electrical performance of PSCs manufactured with SnO2 layers sputtered at
50 W, with varying pressure and O2 gas content (annealed at 500 ◦C for 2 h). Top 5 solar
cells from each batch considered.

The poor performance of PSCs with 30 nm SnO2 is also worthy of note. As evidenced
in 4.1.3 - Electrical resistance measurements, effective coverage by the sputtered SnO2

is achieved at a thickness greater than 30 nm, such that the inadequate performance of
these cells can be likely explained by short circuiting between the ITO contact and the
perovskite layer.

Following this study, all subsequent batches of perovskite solar cells were manu-
factured using SnO2 thicknesses of 40 nm and MAPbI3 concentrations of 1.2 M. The
work proceeded by exploring some of the other promising HT-SnO2 layers found dur-
ing characterization, namely those deposited at 50 W with a pressure 2 × 10−3 mbar and
4 × 10−3 mbar, with and without O2. In Figure 4.18, we can see the performance of the top
5 PSCs produced with each of these layers.
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4.2. PSC MANUFACTURING AND CHARACTERIZATION

Interestingly, SnO2 layers sputtered at 2 × 10−3 mbar yielded appreciably high Voc (as
high as 1.05 V), but far lower Jsc (maximum of 7.83 mA/cm2). In the case of the 2×10−3 mbar,
2.43 % O2 cells, the low current may be attributed to the lower transmittance (T500 = 73.45)
and far higher resistivity (𝜌 = 135.50 Ω cm) in comparison to the 4 × 10−3 mbar, 2.43 % O2

sample (T500 = 84.65, 𝜌 = 0.10 Ω cm), as both parasitic light absorption and parasitic series
resistance would decrease Jsc, without significantly reducing Voc.

4.2.2 PSCs with RT-SnO2

Following the observation that SnO2 samples sputtered at 50 W and 3 × 10−3 mbar
with 2.43 % O2 displayed appreciable conductivity in their as-deposited state, much of
the subsequent work was devoted to exploring the potential of this room temperature-
processed layer, due both to its compatibility with flexible substrates and to the superior
performance of low temperature-processedSnO2 reported in the literature [48]. On account
of these aspects, PSCs with RT-SnO2 layers were manufactured on rigid ITO-coated glass
and flexible ITO-coated PET substrates.

Figure 4.19 shows the performance of these devices. The PSCs manufactured on
ITO-coated glass yielded the highest PCE achieved in this work — 12.4 %, with Voc =
1.00 V, Jsc = 19.8 mA/cm2 and FF = 62.4 %. The best-performing PSC on ITO-coated PET
had a PCE of 9.54 % (Voc = 0.89 V, Jsc = 21.61 mA/cm2, FF = 49.3 %), predictably lower than
the efficiency of the glass-ITO cell as the sheet resistance of the PET substrate is roughly
twice as high.

Several of the manufactured PSCs exhibited significant light-soaking effect, with the
performance improving as the light exposure time increased. Figure 4.20 exemplifies the
effect of light-soaking on one of the top PSCs on PET-ITO. After 15 s of pre-measurement
light exposure, the Voc, Jsc and fill factor of the cell significantly increase, increasing
further after 30 s before stabilizing. There a several mechanisms proposed for this kind
of effect. Primarily, it is thought to emerge from the neutralization of positive defects
in the perovskite film and on the electrode interfaces by photogenerated electrons [73],
and from photoinduced ion migration within the perovskite film [74]. Ion migration,
specifically, is theorized to boost conductivity in the perovskite layer (which is consistent
with the observed decrease in series resistance) and enhance band-bending when the
ions accumulate at the interface with the charge transport layer (leading to higher Voc, as
observed).
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Figure 4.19: Electrical performance of PSCs manufactured with SnO2 layers sputtered at
50 W, 3×10−3 mbar and 2.43 % O2, without annealing, on ITO-coated glass and ITO-coated
PET. Top 5 solar cells from each batch considered.
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Figure 4.20: Effect of pre-measurement light exposure on the performance of a PSC on PET-
ITO, with SnO2 layers sputtered at 50 W, 3 × 10−3 mbar and 2.43 % O2, without annealing.
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4.2.3 PSCs with light-trapping structures

Having established the PSCs manufactured in 4.2.2 - PSCs with RT-SnO2 as a bench-
mark, the work proceeded with the production of cells on substrates containing ITO
light-trapping structures. Among the various structured substrates available, 6 were
selected based on their transmittance and sheet resistance (see Appendix B); the charac-
teristics of their production are shown in Table 4.5.

Table 4.5: Characteristics of the selected structured substrates.

Sample PS Sphere Size (µm) Planar ITO Thickness (nm) Structured ITO Thickness (nm) RIE Time (s)
LT1 0.9 100 150 100
LT2 0.9 100 150 100
LT3 1.3 100 150 150
LT4 1.3 100 200 150
LT5 1.3 100 150 150
LT6 1.3 100 200 150

To assess the conformality of the SnO2 layer sputtered on top of the LT structures,
cross-sectional SEM-FIB images of the manufactured cells were obtained (Figure 4.21).
They show a compact and even layer of SnO2 that closely follows the geometry of the
structured ITO, showing a desired degree of conformality.

Figure 4.21: Original (left) and colorized (right) SEM-FIB cross-section of perovskite solar
cell on LT substrate (0.9 µm PS spheres, with 50 nm ITO planar layer and 150 nm structured
ITO layer, 200 s of RIE). Blue: ITO, yellow: SnO2, orange: MAPbI3, green: spiro-OMeTAD.

The performance of the top PSC manufactured from each substrate is summarized in
Table 4.6. Substrates LT1, LT2 and LT5 yielded the best performance, with a top efficiency
of 7.41 % achieved for LT2 (Voc = 0.85 V, Jsc = 18.07 mA/cm2, FF = 48.17 %). While inferior
to the benchmark planar cells, these results show that the methods to incorporate light-
trapping structures developed in this work can yield working PSCs, with the desired
conformal architecture.
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It is important to consider that, being themselves experimental, the light-trapping ITO
structures utilized suffer from two issues that likely hamper their performance: lower
transmittance and significantly higher sheet resistance when compared with commercial
ITO substrates. Indeed, it is worth noting that both substrates with greater thickness
of structured ITO — LT4 and LT6 (200 nm) — exhibited the lowest performance. It is
therefore apparent that the light-trapping ITO structures require further optimization
before an adequate comparison between the planar and structured PSCs developed in
this work can be made, as the difference in quality between the commercial and sputtered
ITO layers likely overshadows any possible photonic gains from incorporating the LT
structures.

Table 4.6: Solar performance of PSCs manufactured on the selected structured substrates,
with SnO2 layers sputtered at 50 W, 3 × 10−3 mbar and 2.43 % O2, without annealing.

Sample Voc (V) Jsc (mA/cm2) Fill Factor (%) PCE (%)
LT1 0.75 18.01 42.35 5.71

0.85 17.06 37.74 5.47
0.80 16.53 40.06 5.32

LT2 0.85 18.07 48.17 7.41
0.81 17.65 48.44 6.94
0.68 8.45 45.61 2.63

LT3 0.61 17.92 43.60 4.77
0.58 15.31 46.43 4.10
0.61 13.56 49.02 4.05

LT4 0.63 15.61 40.45 3.97
0.64 12.76 46.37 3.76
0.55 16.66 39.26 3.57

LT5 0.93 16.65 40.67 6.32
0.98 15.13 38.75 5.73
0.89 15.81 40.30 5.70

LT6 0.42 5.73 46.89 1.12
0.41 4.23 49.55 0.87
0.38 4.39 49.59 0.83

4.2.4 PSC stability

The PSCs developed throughout this work exhibited significant instability, degrading
their performance quickly and often rendering them non-functional in only a few days.
This instability can likely be attributed to two factors: a) the lack of encapsulation, meaning
that the cells are directly exposed to environmental agents (O2, moisture, UV) during
transfer and measurement of the samples; and b) the lack of passivating layers between
the perovskite film and the charge transport layers, as the interfacial contact with SnO2

[75] and spiro-OMeTAD [27, 76] are known to induce new degradation pathways.
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5

Conclusions and Future Prospects

In this work, we successfully manufactured good quality, room-temperature processed
SnO2 layers via magnetron RF sputtering at 50 W and 3 × 10−3 mbar with 2.43 % oxygen,
and demonstrated its conformal deposition on light-trapping ITO substrates manufactured
by colloidal lithography, to produce working perovskite solar cells with a structured front
electrode.

The highest power conversion efficiencies achieved were 12.4 % in planar ITO-coated
glass, 9.54 % in ITO-coated PET and 7.41 % in structured ITO substrate produced from
0.9 µm PS spheres, with 100 nm of planar ITO and 150 nm of structured ITO. While no
performance gains could be achieved in this work by the incorporation of light-trapping
structures, on account of the need to further optimize the sputtered ITO layer used in its
manufacturing before it can be adequately compared to commercial/planar substrates,
the feasibility to producing n-i-p superstrate configuration using a conformally sputter-
deposited ETL was established, clearing the way for future efficiency gains by photonic
structure use.

In the context of this work, we further studied the effect of RF power, working pressure,
O2 content and post-deposition annealing on the properties of the sputtered SnO2 ETL,
developing an understanding of how it can be adequately processed at both high and room
temperature for use in perovskite solar cells. Specifically, we found low RF power and
higher O2 contents to promote the formation of thin films with higher transparency, with
the addition of O2 to the sputtering gas mixture effectively suppressing oxygen vacancies,
as evidenced by XPS-UPS surveys. Post-deposition annealing was shown to significantly
increase the transmittance of SnO2 films deposited under pure Ar. Annealing displayed a
comparatively modest effect on SnO2 samples deposited under a O2/Ar mixture, likely
owing to the lower quantity of oxygen vacancies available to react with atmospheric O2.
Annealing was shown to greatly decrease the resistivity of the SnO2, with an accompanying
increase in apparent bandgap which may be attributed to Burstein-Moss shift.
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CHAPTER 5. CONCLUSIONS AND FUTURE PROSPECTS

In light of the results achieved in this work, we can advise that future work should focus
on three key aspects: a) the optimization of the sputtered SnO2 ETL, which may consist
of not only refining the deposition parameters, but also assessing the effect of substrate
heating during deposition as well as the possibility of depositing multilayer/gradient ETLs
via sputtering; b) the optimization of the structured ITO substrates, improving the quality
of the sputtered ITO layers and of the colloidal lithography process to achieve substrates
with better conductivity and light-trapping effect; and c) passivation and encapsulation
of the PSC layers, as well as interface engineering, in order to improve and stabilize their
performance.
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A

Substrate and solution preparation

A.1 Light-trapping structure manufacturing

A.1.1 Substrate preparation

ITO-coated glass measuring 2.5 cm × 2.5 cm, manufactured by RF magnetron sputter-
ing, were used as a substrate for the photonic microstructures. The substrates were washed
with a MICRO-90 concentrated alkaline cleaning solution and rinsed with deionised water.
They were then sonicated for 10 minutes in acetone and isopropanol for the same period
and rinsed again with deionised water. Finally, the substrates were dried under a stream
of nitrogen.

A.1.2 Deposition of the PS colloidal monolayer

Polystyrene (PS) colloidal spheres dispersed in aqueous solution at a 2.5 % weight
were purchased from Microparticles GmbH, with diameters of 0.9 and 1.3 µm. They were
first dispersed in a 1:3 mixture of the aqueous solution and diacetone, and this colloidal
suspension was used to deposit a hexagonal close-packed monolayer of PS microspheres
via Langmuir-Blodgett (LB) wet coating employing a Biolin Scientific KSV NIMA trough.
The deposition consists in dropping 800 mL of the prepared colloidal suspension on
the interface between water and air. The barriers of the LB system are then closed at a
controlled speed of 10 mm min−1, leading the floating PS spheres to self-assemble in an
ordered closed-packed hexagonal array at the water surface. Subsequently, this mono-layer
is transferred to the surface of the ITO-coated glass substrates by vertically withdrawing
the previously immersed substrate at a speed of 2 mm min−1.
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A.1.3 Shaping of the colloidal mask

The size and shape of the PS spheres will determine the geometry of the resulting
surface structure. Since the colloids are deposited by LB in a closed-packed array, it
is necessary to increase the inter-sphere spacing in a controllable manner, in order to
create non-closed packed monolayers. This is achieved by partially etching the particles
via reactive ion etching (RIE), which decreases the particles’ size, hence increasing their
spacing. This RIE process is performed with O2 gas, in an Alcatel GIR300 dry-etching
system, using the conditions in the first line of Table A.1.

Table A.1: Experimental conditions used during the two reactive ion etching (RIE) pro-
cesses carried out in the colloidal lithography fabrication process used for this work.

RIE Atmosphere Etched Material Time, tRIE (s) RIE Power (W) Gas Pressure (mTorr) Plasma flow (sccm)
O2 Polystyrene 150 50 50 50

Ar/CF4 ITO 180 100 100 4/16

A.1.4 ITO deposition

Indium tin oxide (ITO) films with thickness of 100 and 200 nm, were deposited
by radio frequency (RF) magnetron sputtering using an ITO target (99.99 % purity, 3
inches in diameter) in a mixture of oxygen and argon at partial pressures of 1 × 10−5 and
1.6×10−3 mbar, for 40 and 150 min, respectively. The applied RF power was 35 W, yielding
a deposition rate of 2.5 nm min−1. A pre-sputtering process of 15 minutes was performed
before deposition to clean the target.

A.1.5 Colloidal mask lift-off

The last step of the CL fabrication process consisted in removing the PS particles by
sonication of the samples in a toluene bath for 30 minutes. Before that, an Ar/CF4 RIE
process (see Table A.1), was performed to remove the top covering layer of the deposited
ITO over the PS particles, promoting the subsequent dissolution of the PS particles in the
toluene bath.

A.2 Substrate cleaning

Soda lime glass and ITO-coated glass substrates were cut into 2.5 cm × 2.5 cm squares,
and cleaned in an ultrasonic bath, using a cleaning solution of 1 vol-% Hellmanex™ III in
DI water for 40 minutes at 40 ◦C. Substrates were rinsed 3 times with DI water, followed
by 20 minutes of room-temperature ultrasonic cleaning in plain DI water, 15 minutes in
acetone and 15 minutes in IPA.
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A.3. SOLUTION PREPARATION

For cleaning ITO-coated PET substrates, the acetone washing step was skipped, to
prevent damage to the substrate. After cleaning, the substrates were dried with a nitrogen
blow gun and stored vertically in a Wash-N-Dry™ rack.

LT structure substrates were cleaned in a room-temperature ultrasonic bath for 20
minutes in acetone and 20 minutes in IPA, followed by drying with a nitrogen blow gun.
Finally, LT structures were subjected to an oxygen plasma treatment for 3 minutes, at 70 W
and O2 pressure of 0.4 mbar, for deep removal of organic contaminants.

For substrates destined to solar cell manufacturing, one edge of the substrates was
covered with Kapton® tape to create a bare ITO contact with an area of approximately
25 mm by 5 mm once removed.

A.3 Solution preparation

All solutions were prepared, stored, and used in a glovebox with a protective N2

atmosphere. MAPbI3 and spiro-OMeTAD solutions were prepared the day immediately
before use.

MAPbI3 solutions were prepared by weighting equal molar amounts of the precursors
MAI and PbI2 and dissolving in a ratio of 9:1 DMF to DMSO by volume, to obtain the
desired concentration of either 1 M or 1.2 M. The solution was stirred at 60 ◦C for 4 hours,
before being left to stir overnight at room temperature. Immediately before use, MAPbI3

was filtered through a 0.22 µm PTFE syringe filter to remove undissolved and foreign
matter.

Spiro-OMeTAD solutions were prepared by weighting 75 mg of the reagent per mL
of solution and dissolving in the corresponding volume of chlorobenzene. Immediately
before use, 28.8 µL of 4-tert butylpyridine and 17.5 µL of 0.520 g/mL LiTFSI solution in
acetonitrile were added as additives per mL of spiro-OMeTAD solution.
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Supplementary information

Figure B.1: SEM-FIB cross-section of PSC with photonic IZO structures manufactured via
colloidal lithography (1.3 µm spheres, 350 nm sputtered IZO, 90 s RIE) and spin-coated
SnO2, produced in the context of the APOLO project.
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Figure B.2: UV-Vis transmittance of the LT substrates manufactured with 0.9 µm PS spheres
that were considered for use in the present work.
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Figure B.3: UV-Vis transmittance of the LT substrates manufactured with 1.3 µm PS spheres
that were considered for use in the present work.
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Table B.1: Sheet resistance of the LT substrates that were considered for use in the present
work.

Sample Rs1 (Ω/□) Rs2 (Ω/□) Rs3 (Ω/□)
0.9 µm, 50 nm, 150 nm, 100 s 87 89 148
0.9 µm, 50 nm, 150 nm, 200 s 70 77 66
0.9 µm, 50 nm, 200 nm, 100 s 92 87 84
0.9 µm, 50 nm, 200 nm, 200 s 65 75 78
0.9 µm, 50 nm, 300 nm, 100 s 80 109 114
0.9 µm, 50 nm, 300 nm, 200 s 72 69 60
0.9 µm, 75 nm, 150 nm, 100 s 110 78 59
0.9 µm, 75 nm, 150 nm, 200 s 52 50 52
0.9 µm, 75 nm, 200 nm, 100 s 58 59 85
0.9 µm, 75 nm, 200 nm, 200 s 47 45 45
0.9 µm, 75 nm, 300 nm, 100 s 65 55 62
0.9 µm, 75 nm, 300 nm, 200 s 52 43 47
0.9 µm, 100 nm, 150 nm, 100 s 50 42 41
0.9 µm, 100 nm, 150 nm, 200 s 62 39 54
0.9 µm, 100 nm, 200 nm, 100 s 41 1009 51
0.9 µm, 100 nm, 200 nm, 200 s 46 48 51
0.9 µm, 100 nm, 300 nm, 100 s 61 43 47
0.9 µm, 100 nm, 300 nm, 200 s 40 36 35
1.3 µm, 50 nm, 150 nm, 150 s 89 72 68
1.3 µm, 50 nm, 150 nm, 300 s 56 55 56
1.3 µm, 50 nm, 200 nm, 150 s 37 71 66
1.3 µm, 50 nm, 200 nm, 300 s 66
1.5 µm, 50 nm, 300 nm, 150 s 64 64 66
1.5 µm, 50 nm, 300 nm, 300 s 54 47 53
1.3 µm, 75 nm, 150 nm, 150 s 54 54 57
1.3 µm, 75 nm, 150 nm, 300 s 47 48 48
1.3 µm, 75 nm, 200 nm, 150 s 72 51
1.3 µm, 75 nm, 200 nm, 300 s 44 36 38
1.5 µm, 75 nm, 300 nm, 150 s 57 53 63
1.5 µm, 75 nm, 300 nm, 300 s 38 50 37
1.3 µm, 100 nm, 150 nm, 150 s 46 41 47
1.3 µm, 100 nm, 150 nm, 300 s 39 38 37
1.3 µm, 100 nm, 200 nm, 150 s 38 38 44
1.3 µm, 100 nm, 200 nm, 300 s 33 28 28
1.3 µm, 100 nm, 300 nm, 150 s 39 38 38
1.3 µm, 100 nm, 300 nm, 300 s 33 34 35
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